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(57) ABSTRACT

A semiconductor device with a novel structure is provided, in
which the operation voltage is reduced or the storage capacity
is increased by reducing variation in the threshold voltages of
memory cells after writing. The semiconductor device
includes a plurality of memory cells each including a transis-
tor including an oxide semiconductor and a transistor includ-
ing a material other than an oxide semiconductor, a driver
circuit that drives the plurality of memory cells, and a poten-
tial generating circuit that generates a plurality of potentials
supplied to the driver circuit. The driver circuit includes a data
buffer, a writing circuit that writes one potential of the plu-
rality of potentials into each of the plurality of memory cells
as data, a reading circuit that reads the data written into the
memory cells, and a verifying circuit that verifies whether the
read data agrees with data held in the data buffer or not.
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1
SEMICONDUCTOR DEVICE AND METHOD
FOR DRIVING SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 13/197.438, filed Aug. 3, 2011, now allowed, which
claims the benefit of foreign priority applications filed in
Japan as Serial No. 2010-178146 on Aug. 6, 2010, and Serial
No. 2011-108643 on May 13, 2011, all of which are incor-
porated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention disclosed herein relates to a semiconductor
device using a semiconductor element and a method for driv-
ing the semiconductor device.

2. Description of the Related Art

Memory devices using semiconductor elements are
broadly classified into two categories: a volatile device that
loses stored data when power supply stops, and a nonvolatile
device that holds stored data even when power is not supplied.

A typical example of a volatile memory device is a
dynamic random access memory (DRAM). A DRAM stores
data in such a manner that a transistor included in a memory
element is selected and charge is stored in a capacitor.

When data is read from a DRAM, charge in a capacitor is
lost according to the above principle; thus, another writing
operation is necessary every time data is read. Moreover, a
transistor included in a memory element has leakage current
(off-state current) between a source and a drain in an off state,
or the like and charge flows into or out of a capacitor even if
the transistor is not selected, which makes a data holding
period short. For that reason, another writing operation (re-
fresh operation) is necessary at predetermined intervals, and
it is difficult to sufficiently reduce power consumption. Fur-
thermore, since stored data is lost when power supply stops,
an additional memory device using a magnetic material or an
optical material is needed in order to hold data for a long time.

Another example of a volatile memory device is a static
random access memory (SRAM). An SRAM holds stored
data by using a circuit such as a flip-flop and thus does not
need refresh operation, which is an advantage over a DRAM.
However, cost per storage capacity is high because a circuit
such as a flip-flop is used. Moreover, as in a DRAM, stored
data in an SRAM is lost when power supply stops.

Atypical example of'a nonvolatile memory device is a flash
memory. A flash memory includes a floating gate between a
gate electrode and a channel formation region in a transistor
and stores data by holding charge in the floating gate. There-
fore, a flash memory has advantages in that the data holding
period is extremely long (almost permanent) and refresh
operation which is necessary in a volatile memory device is
not needed (e.g., see Patent Document 1).

However, a gate insulating layer included in a memory
element deteriorates by tunneling current generated in writ-
ing, so that the memory element stops its function after a
predetermined number of times of writing. In order to reduce
adverse effects of this problem, a method in which the number
of times of writing for memory elements is equalized is
employed, for example. However, a complicated peripheral
circuit is needed to realize this method. Moreover, even when
such a method is employed, the fundamental problem of
lifetime is not solved. In other words, a flash memory is not
suitable for applications in which data is frequently rewritten.
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In addition, a flash memory needs high voltage for holding
charge in the floating gate or removing charge from the float-
ing gate, and also needs a circuit for generating high voltage.
Further, it takes a relatively long time to hold or remove
charge, and it is not easy to perform writing and erasing at
higher speed.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. S57-105889

SUMMARY OF THE INVENTION

In addition to the above problems, fluctuation in the thresh-
old voltage of a transistor included in a memory cell may
cause fluctuation in potentials needed for driving a plurality
of memory cells (such a potential is also referred to as the
threshold voltage of a memory cell). If the operation voltages
of'the memory cells are determined without consideration of
the fluctuation in the threshold voltages of the memory cells,
an operation error might be caused. Therefore, the operation
voltages of the plurality of memory cells are each set to have
a certain range in consideration of the fluctuation in the
threshold voltages of the memory cells. This has limited a
reduction in the operation voltages of the memory cells.

Moreover, in the case where a memory cell is multi-valued,
the operation voltage is increased; therefore, it has been dif-
ficult to increase the storage capacity without increasing the
operation voltage and the area of the memory cell.

In view of the foregoing problems, an object of one
embodiment of the disclosed invention is to provide a semi-
conductor device with a novel structure in which stored data
can be held even when power is not supplied and there is no
limit on the number of times of writing, and to provide a
method for driving the semiconductor device. It is another
object to provide a semiconductor device in which, by reduc-
ing variation (distribution width) in the threshold voltages of
memory cells after writing, the operation voltage can be
reduced, the storage capacity can be increased, or operation
such as writing, holding, or reading can be surely performed,
and to provide a method for driving the semiconductor
device.

In one embodiment of the disclosed invention, a semicon-
ductor device is manufactured using an oxide semiconductor.
In particular, a highly purified oxide semiconductor is used. A
transistor formed using an oxide semiconductor can hold data
for a long time because leakage current thereof is extremely
low. In the case of using a highly purified oxide semiconduc-
tor, leakage current is much lower and thus data can be held
for an extremely long time.

One embodiment of the disclosed invention is a semicon-
ductor device which includes a plurality of memory cells each
including a transistor including an oxide semiconductor and a
transistor including a material other than an oxide semicon-
ductor, a driver circuit that drives the plurality of memory
cells, and a potential generating circuit that generates a plu-
rality of potentials supplied to the driver circuit. The driver
circuit includes a data buffer that holds data to be written into
each of the plurality of memory cells, a writing circuit that
writes one potential of the plurality of potentials into each of
the plurality of memory cells as data in accordance with the
dataheld in the data bufter, a reading circuit that reads the data
written into the memory cells, and a verifying circuit that
verifies whether the read data agrees with the data held in the
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data buffer or not. The one potential is determined as a write
potential in the memory cell where the data agree with each
other. The write potential is changed to another potential of
the plurality of potentials, for the memory cell where the data
do not agree with each other.

Another embodiment of the disclosed invention is a
method for driving a semiconductor device which includes a
plurality of memory cells each including a transistor includ-
ing an oxide semiconductor and a transistor including a mate-
rial other than an oxide semiconductor. The method includes
the steps ot holding data to be written into each of the plurality
of memory cells, writing one potential of a plurality of poten-
tials into each of the plurality of memory cells as data in
accordance with the held data, reading the data written into
the memory cells, verifying whether the read data agrees with
data held in a data buffer or not, determining the one potential
as a write potential for the memory cell where the data agree
with each other, and changing a write potential to another
potential of the plurality of potentials, for the memory cell
where the data do not agree with each other.

Another embodiment of the disclosed invention is a semi-
conductor device which includes a plurality of memory cells
each including a transistor including an oxide semiconductor
and a transistor including a material other than an oxide
semiconductor; a driver circuit including a data buffer, a
writing circuit, a reading circuit, and a verifying circuit; and
a potential generating circuit that generates a plurality of
potentials. The data buffer is electrically connected to the
writing circuit. The writing circuit is electrically connected to
the potential generating circuit through a plurality of first
signal lines. The writing circuit is electrically connected to
each of the plurality of memory cells through a second signal
line. The reading circuit is electrically connected to each of
the plurality of memory cells through a third signal line. The
verifying circuit is electrically connected to the reading cir-
cuit, the data bufter, and the writing circuit.

In any of the above structures, the levels of the plurality of
potentials generated in the potential generating circuit are
different from each other. Each of the plurality of potentials
having different levels, which is generated in the potential
generating circuit, is supplied to any of the plurality of first
signal lines and supplied to the writing circuit. The plurality
of potentials generated in the potential generating circuit
includes a plurality of potentials for writing of the same data.
For example, the plurality of potentials generated in the
potential generating circuit can include at least one potential
on a low potential side and a plurality of potentials on a high
potential side, and the plurality of potentials on the high
potential side can include the plurality of potentials for writ-
ing of the same data.

In any of the above structures, in each of the plurality of
memory cells, one of a source and a drain of the transistor
including an oxide semiconductor is electrically connected to
a gate of the transistor including a material other than an oxide
semiconductor.

In any of the above structures, the writing circuit or the
second signal line is electrically connected to the other of the
source and the drain of the transistor including an oxide
semiconductor included in each of the plurality of memory
cells. The reading circuit or the third signal line is electrically
connected to one of a source and a drain of the transistor
including a material other than an oxide semiconductor
included in each of the plurality of memory cells.

In any of the above structures, the data buffer has a function
of holding data to be written into each of the plurality of
memory cells. The writing circuit has a function of writing
one potential of the plurality of potentials into each of the
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plurality of memory cells as data in accordance with the data
held in the data buffer. The reading circuit has a function of
reading the data written into the memory cells. The verifying
circuit has a function of verifying whether the read data
agrees with the data held in the data buffer or not.

In any of the above structures, the one potential is deter-
mined as the write potential for the memory cell where the
read data agrees with the data held in the data buffer. The write
potential is changed to another potential of the plurality of
potentials, for the memory cell where the read data does not
agree with the data held in the data buffer.

In any of the above structures, writing, reading, and veri-
fying are performed again after the write potential of the
memory cell where the data do not agree with each other is
changed to the another potential. After the verifying, the
another potential is determined as the write potential for the
memory cell where the data agree with each other, and the
write potential is changed to still another potential of the
plurality of potentials, for the memory cell where the data do
not agree with each other. In this manner, writing, reading,
and verifying are performed while the write potential is
sequentially changed to another potential; thus, the write
potentials for the plurality of memory cells are determined.

In any of the above structures, writing operation is com-
pleted when all data of the plurality of memory cells agree
with the data held in the data buffer in the verifying circuit.
Alternatively, writing operation may be completed after per-
forming writing, reading, and verifying predetermined num-
ber of times.

In any of the above structures, there is variation (distribu-
tion width) in the threshold voltages of the plurality of
memory cells in some cases. In that case, the potential deter-
mined as the write potential might differ between a memory
cell with minimum threshold voltage (V,, ,,.,,,) and amemory
cell with maximum threshold voltage (V,;, ,,.0)-

It is preferable that a potential determined as the write
potential for the memory cell with the minimum threshold
voltage (V,, ,.;,) be higher than or equal to the lowest poten-
tial of a plurality of potentials for writing of the same data
among the plurality of potentials generated in the potential
generating circuit. In addition, it is preferable that a potential
determined as the write potential for the memory cell with the
maximum threshold voltage (V,;, ,,..) be lower than or equal
to the highest potential among the plurality of potentials
generated in the potential generating circuit.

In other words, it is preferable that the lowest potential of
the plurality of potentials for writing of the same data among
the plurality of potentials generated in the potential generat-
ing circuit be lower than or equal to the potential determined
as the write potential for the memory cell with the minimum
threshold voltage (V,, ,.,)- In addition, it is preferable that
the highest potential among the plurality of potentials gener-
ated in the potential generating circuit be higher than or equal
to the potential determined as the write potential for the
memory cell with the maximum threshold voltage (V, ,...0)-

In any of the above structures, it is preferable that the
transistor including a material other than an oxide semicon-
ductor include a channel formation region provided in a sub-
strate including a semiconductor material.

Note that the substrate including a semiconductor material
is preferably a single crystal semiconductor substrate or an
SOI substrate. The semiconductor material included in the
substrate is preferably silicon. An oxide semiconductor layer
preferably includes an oxide semiconductor material includ-
ing In, Ga, and Zn.

Note that although the transistor is formed using an oxide
semiconductor in the above description, the disclosed inven-
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tion is not limited to this. A material which can realize off-
state current characteristics comparable to those of the oxide
semiconductor, such as a wide gap material like silicon car-
bide (specifically, a semiconductor material whose energy
gap Eg is larger than 3 eV), may be used.

Note that in this specification and the like, the term such as
“over” or “below” does not necessarily mean that a compo-
nent is placed “directly on” or “directly under” another com-
ponent. For example, the expression “a gate electrode over a
gate insulating layer” can mean the case where there is an
additional component between the gate insulating layer and
the gate electrode. Moreover, the terms such as “over” and
“below” are used simply for convenience of explanation.

In addition, in this specification and the like, the term
“electrode” or “wiring” does not limit a function of a com-
ponent. For example, an “electrode” is sometimes used as part
of'a “wiring”, and vice versa. Further, the term “electrode” or
“wiring” can include the case where a plurality of “elec-
trodes” or “wirings” is formed in an integrated manner.

Functions of a “source” and a “drain” are sometimes
replaced with each other when a transistor of opposite polar-
ity is used or when the direction of current flow is changed in
circuit operation, for example. Therefore, the terms “source”
and “drain” can be replaced with each other in this specifica-
tion.

Note that in this specification and the like, the term “elec-
trically connected” includes the case where components are
connected through an object having any electric function.
There is no particular limitation on an object having any
electric function as long as electric signals can be transmitted
and received between components that are connected through
the object. Examples of an object having any electric function
are a switching element such as a transistor, a resistor, an
inductor, a capacitor, and an element with a variety of func-
tions as well as an electrode and a wiring.

Since the off-current of a transistor including an oxide
semiconductor is extremely low, stored data can be held foran
extremely long time by using the transistor, even if power is
not supplied. In other words, power consumption can be
sufficiently reduced because refresh operation becomes
unnecessary or the frequency of refresh operation can be
extremely low.

In a semiconductor device according to the disclosed
invention, even when the threshold voltage of a transistor
included in a memory cell fluctuates, variation (distribution
width) in the threshold voltages of a plurality of memory cells
after writing can be reduced, whereby the operation voltage
of the semiconductor device can be reduced. A memory can
be multi-valued without increasing the operation voltage and
the area of a memory cell, so that the storage capacity per unit
area of the semiconductor device can be increased. A semi-
conductor device in which operation such as writing, holding,
or reading can be surely performed can be provided.

Further, the semiconductor device according to the dis-
closed invention does not need high voltage for data writing
and there is no problem of element deterioration. For
example, unlike a conventional nonvolatile memory, it is not
necessary to inject and extract electrons or holes into and
from a floating gate, and thus a problem such as deterioration
of'a gate insulating layer does not occur at all. In other words,
the semiconductor device according to the disclosed inven-
tion does not have a limit on the number of times of rewriting
which is a problem in a conventional nonvolatile memory, and
reliability thereof is drastically improved. Furthermore, data
is written by turning on or off the transistor, whereby high-
speed operation can be easily realized. In addition, there is an
advantage in that operation for erasing data is not needed.
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Since a transistor including a material other than an oxide
semiconductor can operate at sufficiently high speed, a semi-
conductor device in which the transistor is used in combina-
tion with a transistor including an oxide semiconductor can
perform operation (e.g., data reading) at sufficiently high
speed. Further, a transistor including a material other than an
oxide semiconductor can favorably realize a variety of cir-
cuits (such as a logic circuit or a driver circuit) which is
required to operate at high speed.

Thus, a semiconductor device having a novel feature can be
achieved by being provided with both the transistor including
a semiconductor material other than an oxide semiconductor
(a transistor capable of operation at sufficiently high speed, in
general) and the transistor including an oxide semiconductor
(a transistor whose off-state current is sufficiently low, in
general).

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is a block diagram of a semiconductor device;

FIGS. 2A to 2D each show distribution of the threshold
voltages of memory cells included in a semiconductor device;

FIGS. 3A to 3D each show distribution of the threshold
voltages of memory cells included in a semiconductor device;

FIGS. 4A and 4B each show distribution of the threshold
voltages of memory cells included in a semiconductor device;

FIGS. 5A1,5A2, and 5B are circuit diagrams of a memory
cell included in a semiconductor device;

FIGS. 6A to 6C are circuit diagrams of semiconductor
devices;

FIGS. 7A and 7B are a cross-sectional view and a plan view
of'a memory cell included in a semiconductor device;

FIGS. 8A to 8D are cross-sectional views illustrating a
manufacturing process of a semiconductor device;

FIGS. 9A to 9D are cross-sectional views illustrating a
manufacturing process of a semiconductor device;

FIGS. 10A to 10D are cross-sectional views illustrating a
manufacturing process of a semiconductor device;

FIGS. 11A and 11B are cross-sectional views illustrating a
manufacturing process of a semiconductor device;

FIG. 12 is a circuit diagram of a semiconductor device;

FIG. 13 is a circuit diagram of a data buffer included in a
semiconductor device;

FIG. 14 is a timing chart of a data buffer included in a
semiconductor device;

FIG. 15 is a circuit diagram of a potential generating circuit
included in a semiconductor device;

FIG. 16 is a circuit diagram of a writing circuit included in
a semiconductor device;

FIG. 17 is a timing chart of a writing circuit included in a
semiconductor device;

FIG. 18 is a timing chart of a writing circuit included in a
semiconductor device;

FIG. 19 is a circuit diagram of memory cells included in a
semiconductor device;

FIG. 20 is a timing chart of memory cells included in a
semiconductor device;

FIG. 21 is a circuit diagram of a reading circuit included in
a semiconductor device;

FIG. 22 is a timing chart of a reading circuit included in a
semiconductor device;

FIG. 23 is a circuit diagram of a verifying circuit included
in a semiconductor device;

FIG. 24 is a timing chart of a verifying circuit included in
a semiconductor device;
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FIG. 25 is a timing chart of a verifying circuit included in
a semiconductor device;

FIG. 26 is a circuit diagram of a word line driver circuit;

FIGS. 27A and 27B are each a cross-sectional view of
transistors included in a semiconductor device;

FIGS. 28A to 28C are cross-sectional views illustrating a
manufacturing process of a semiconductor device;

FIGS. 29A to 29F each illustrate an electronic device
including a semiconductor device;

FIGS. 30A to 30E illustrate structures of oxide materials;

FIGS. 31A to 31C illustrate a structure of an oxide mate-
rial;

FIGS. 32A to 32C illustrate a structure of an oxide mate-
rial;

FIG. 33 shows gate voltage dependence of mobility
obtained by calculation;

FIGS. 34A to 34C show gate voltage dependence of drain
current and mobility obtained by calculation;

FIGS. 35A to 35C show gate voltage dependence of drain
current and mobility obtained by calculation;

FIGS. 36A to 36C show gate voltage dependence of drain
current and mobility obtained by calculation;

FIGS. 37A and 37B illustrate cross-sectional structures of
transistors used for calculation;

FIGS. 38A to 38C show characteristics of transistors;

FIGS. 39A and 39B show characteristics of a transistor;

FIGS. 40A and 40B show characteristics of a transistor;

FIG. 41 shows characteristics of a transistor;

FIGS. 42A and 42B show characteristics of a transistor;

FIG. 43 shows XRD spectra of oxide materials;

FIG. 44 shows characteristics of a transistor;

FIGS. 45A and 45B are a top view and a cross-sectional
view of a semiconductor device; and

FIGS. 46 A and 46B are a top view and a cross-sectional
view of a semiconductor device.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the disclosed invention will
be described with reference to the drawings. Note that the
present invention is not limited to the following description
and it is easily understood by those skilled in the art that
modes and details can be modified in various ways without
departing from the spirit and the scope of the present inven-
tion. Therefore, the present invention is construed as being
limited to the description in the following embodiments.

Note that the position, size, range, or the like of each
structure illustrated in drawings and the like is not accurately
represented in some cases for easy understanding. Therefore,
the disclosed invention is not necessarily limited to the posi-
tion, size, range, or the like as disclosed in the drawings and
the like.

In this specification and the like, ordinal numbers such as
“first”, “second”, and “third” are used in order to avoid con-
fusion among components, and the terms do not limit the
components numerically.

Embodiment 1

In this embodiment, a structure and operation of a semi-
conductor device according to one embodiment of the dis-
closed invention will be described with reference to FIG. 1,
FIGS. 2A to 2D, FIGS. 3A to 3D, and FIGS. 4A and 4B.

FIG.1is an example of a block diagram of a semiconductor
device including memory cells.

The semiconductor device includes a plurality of memory
cells 202, a driver circuit 201, and a potential generating
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circuit 203. The driver circuit 201 includes a data buffer 212,
a writing circuit 211, a reading circuit 214, and a verifying
circuit 213. Each of the plurality of memory cells 202
includes a transistor (not shown) including an oxide semicon-
ductor and a transistor (not shown) including a material other
than an oxide semiconductor. Further, the semiconductor
device includes a wiring for supplying an input/output signal
(I/0) (also referred to as a data input/output line), a wiring for
supplying a read signal (READ), and a wiring for supplying a
write signal (WRITE). The driver circuit 201 is provided for
each column having the plurality of memory cells 202.

The data buffer 212 is electrically connected to the writing
circuit 211. The writing circuit 211 is electrically connected
to the potential generating circuit 203 through a plurality of
first signal lines 221. The writing circuit 211 is electrically
connected to each of the plurality of memory cells 202
through a second signal line 222. The reading circuit 214 is
electrically connected to each of the plurality of memory cells
202 through a third signal line 223. The verifying circuit 213
is electrically connected to the reading circuit 214, the data
buffer 212, and the writing circuit 211.

The driver circuit 201 has a function of driving the plurality
of memory cells. The potential generating circuit 203 has a
function of generating a plurality of potentials (V,, Vi,
Vs, ... V;)(j is an integer of 2 or more).

The levels of the plurality of potentials (V,, V, V,, ... V)
generated in the potential generating circuit 203 are different
from each other. Each of the plurality of potentials (V,, V,
V,, ... V) having different levels, which is generated in the
potential generating circuit 203, is supplied to any of the
plurality of first signal lines 221 and supplied to the writing
circuit 211.

The data buffer 212 has a function of holding data to be
written into each of the plurality of memory cells 202. The
writing circuit 211 has a function of writing one potential
(e.g., V,) of the plurality of potentials generated in the poten-
tial generating circuit 203 into each of the plurality of
memory cells 202 as data in accordance with the data held in
the data buffer 212. The reading circuit 214 has a function of
reading the data written into the memory cells 202. The veri-
fying circuit 213 has a function of verifying whether the data
read by the reading circuit 214 agrees with the data held in the
data buffer 212 or not.

The one potential (e.g., V) is determined as a write poten-
tial for the memory cell 202 where the data read by the
reading circuit 214 agrees with the data held in the data buffer
212. The write potential is changed to another potential (e.g.,
V,) of the plurality of potentials generated in the potential
generating circuit 203, for the memory cell 202 where the
data read by the reading circuit 214 does not agree with the
data held in the data buffer 212.

After the write potential is changed to the another potential
(e.g., V,), writing, reading, and verifying are performed again
on the memory cell 202 where the data read by the reading
circuit 214 does not agree with the data held in the data buffer
212. After the verifying, the another potential (e.g., V,) is
determined as the write potential for the memory cell 202
where the data read by the reading circuit 214 agrees with the
data held in the data buffer 212. For the memory cell 202
where the data read by the reading circuit 214 does not agree
with the data held in the data buffer 212, the write potential is
changed to still another potential (e.g., V) of the plurality of
potentials. In this manner, writing, reading, and verifying are
performed while the write potential is sequentially changed to
another potential; thus, the write potentials for the plurality of
memory cells are determined.
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Writing operation is completed when all data of the plural-
ity of memory cells 202 agree with the data held in the data
buffer 212 in the verifying circuit 213. Writing operation may
be completed after performing writing, reading, and veritying
predetermined number of times (e.g., j times).

In the above structure, fluctuation in the threshold voltage
of a transistor included in the memory cell 202, or the like
may cause variation (distribution width) in potentials needed
for driving the plurality of memory cells 202 (such a potential
is also referred to as the threshold voltage of a memory cell).

An example of a procedure for writing data “1” into the
plurality of memory cells 202 having data “0” in the case
where there is variation (distribution width) in the threshold
voltages of the plurality of memory cells 202 is shown in
FIGS. 2A to 2D and FIGS. 3A to 3D. Note that among the
plurality of potentials (Vi, V., V,, . .. V) generated in the
potential generating circuit 203, the potential V, (e.g., a
ground potential) is a potential for writing data “0” and the
potentials V,, V,, . .. V, are potentials for writing data “1”.

FIG. 2A is a graph showing distribution of the threshold
voltages V,, of the plurality of memory cells 202, where the
horizontal axis represents the number N of memory cells and
the vertical axis represents the threshold voltage V,, of the
memory cells 202. FIG. 2A shows distribution of the thresh-
old voltages V,, before writing (data “0””) and after writing.
The distribution of the threshold voltages V,,, before writing
(data “0”) is shown above an arrow, and the distribution of the
threshold voltages V,, after writing is shown below the arrow.
The level of a potential used for writing (V=V,) is shown
beside the arrow.

As shown in FIG. 2A, writing (referred to as Writing 1) is
performed on the plurality of memory cells 202 with the use
of one potential (here, V) of the plurality of potentials (V,,,
V,,V,, ...V, generated in the potential generating circuit
203 as a write potential. Consequently, the distribution of the
threshold voltages V,;, before writing (data “0”) is changed to
the distribution of the threshold voltages V,,, after writing.

Next, as shown in FIG. 2B, data written into the memory
cells 202 where Writing 1 is performed is read by the reading
circuit 214, and whether the data read by the reading circuit
214 agrees with data held in the data buffer 212 (i.e., data to
be written into the memory cells 202) or not is verified (this
step is referred to as Verifying 1).

In Verifying 1, the data read by the reading circuit 214 is
judged as data “0” when the threshold voltage V,, of the
memory cell 202 is higher than a given voltage Va or is judged
as data “1” when the threshold voltage V,, of the memory cell
202 is lower than or equal to Va.

Specifically, a range denoted by D1 in FIG. 2B is the range
where the data read by the reading circuit 214 agrees with the
data held in the data buffer 212 (i.e., the data to be written into
the memory cells 202) (this state is also referred to as Verify
OK). In the memory cells 202 in the range denoted by D1 in
FIG. 2B (i.e., the memory cells 202 in the state of Verify OK),
data “1” can be obtained when the potential V| is used as the
write potential. Thus, in the memory cells 202 in the range
denoted by D1 in FIG. 2B (i.e., the memory cells 202 in the
state of Verify OK), the one potential (V) is determined as the
write potential.

A range denoted by D2 in FIG. 2B is the range where the
data read by the reading circuit 214 does not agree with the
data held in the data buffer 212 (i.e., the data to be written into
the memory cells 202) (this state is also referred to as Verify
NG). In the memory cells 202 in the range denoted by D2 in
FIG. 2B (i.e., the memory cells 202 in the state of Verify NG),
data “1” cannot be obtained and data “0” is detected when the
potential V| is used as the write potential.
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Inthe memory cells 202 in the range denoted by D2 in FIG.
2B (i.e., the memory cells 202 in the state of Verify NG, in
which data “0” is detected), the write potential is changed to
another potential (here, V,) of the plurality of potentials gen-
erated in the potential generating circuit 203. After that, writ-
ing, reading, and verifying are performed again.

FIG. 2C shows the distribution of the threshold voltages
V,, in the case where writing (referred to as Writing 2) is
performed on the memory cells 202 in the range denoted by
D2 in FIG. 2B with the use of the another potential V, of the
plurality of potentials generated in the potential generating
circuit 203 as the write potential. Note that FIG. 2C shows
only the memory cells 202 in the range denoted by D2 in FIG.
2B for convenience; however, writing may be concurrently
performed on other memory cells 202 in the step of Writing 2.
In other words, the potential V; may be concurrently written
into the memory cells 202 in the range denoted by D1 in FIG.
2B in the step of Writing 2.

In FIG. 2C, the threshold voltage before writing (data “0”)
of the potential V, is substantially as high as the threshold
voltage before writing (data “0” in FIG. 2A) of the potential
V, for convenience; however, the threshold voltage before
writing (data “0”) of the potential V, may be substantially as
high as the threshold voltage after writing (data “0” in FIG.
2B) of the potential V.

As shown in FIG. 2C, when writing (Writing 2) is per-
formed with the use of the potential V, of the plurality of
potentials (V,, V,, V,, . .. V)) generated in the potential
generating circuit 203 as the write potential, the distribution
of the threshold voltages V,, before writing (data “0”) is
changed to the distribution of the threshold voltages V,,, after
writing.

Next, as shown in FIG. 2D, data written into the memory
cells 202 is read by the reading circuit 214, and whether the
data read by the reading circuit 214 agrees with the data held
in the data buffer 212 (i.e., the data to be written into the
memory cells 202) or not is verified (this step is referred to as
Verifying 2). Also here, only the memory cells 202 in the
range denoted by D2 in FIG. 2B are shown for convenience.

In Veritying 2, the data read by the reading circuit 214 is
judged as data “0” when the threshold voltage V,, of the
memory cell 202 is higher than Va or is judged as data “1”
when the threshold voltage V,, of the memory cell 202 is
lower than or equal to Va.

Specifically, a range denoted by D3 in FIG. 2D is the range
where the data read by the reading circuit 214 agrees with the
data held in the data buffer 212 (i.e., the data to be written into
the memory cells 202) (this state is also referred to as Verify
OK). In the memory cells 202 in the range denoted by D3 in
FIG. 2D (i.e., the memory cells 202 in the state of Verify OK),
data “1” can be obtained when the potential V, is used as the
write potential. Thus, in the memory cells 202 in the range
denoted by D3 in FIG. 2D (i.e., the memory cells 202 in the
state of Verify OK), the another potential (V) is determined
as the write potential.

A range denoted by D4 in FIG. 2D is the range where the
data read by the reading circuit 214 does not agree with the
data held in the data buffer 212 (i.e., the data to be written into
the memory cells 202) (this state is also referred to as Verify
NG). In the memory cells 202 in the range denoted by D4 in
FIG. 2D (i.e., the memory cells 202 in the state of Verify NG),
data “1” cannot be obtained and data “0” is detected when the
potential V, is used as the write potential.

Inthe memory cells 202 in the range denoted by D4 in F1G.
2D (i.e., the memory cells 202 in the state of Verify NG, in
which data “0” is detected), the write potential is changed to
still another potential (here, V) of the plurality of potentials
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generated in the potential generating circuit 203. After that,
writing, reading, and verifying are performed again.

FIG. 3A shows the distribution of the threshold voltages
V,, in the case where writing (referred to as Writing 3) is
performed on the memory cells 202 in the range denoted by
D4 in FIG. 2D with the use of the still another potential V5 of
the plurality of potentials generated in the potential generat-
ing circuit 203 as the write potential. Note that FIG. 3A shows
only the memory cells 202 in the range denoted by D4 in FIG.
2D for convenience; however, writing may be concurrently
performed on other memory cells 202 in the step of Writing 3.
In other words, the potential V, may be concurrently written
into the memory cells 202 in the range denoted by D1 in FIG.
2B in the step of Writing 3, and the potential V, may be
concurrently written into the memory cells 202 in the range
denoted by D3 in FIG. 2D in the step of Writing 3.

In FIG. 3A, the threshold voltage before writing (data “0”)
of the potential V; is substantially as high as the threshold
voltage before writing (data “0” in FIG. 2A) of the potential
V, for convenience; however, the threshold voltage before
writing (data “0”) of the potential V; may be substantially as
high as the threshold voltage after writing (data “0” in FIG.
2D) of the potential V.

As shown in FIG. 3A, when writing (Writing 3) is per-
formed with the use of the potential V; of the plurality of
potentials (V,, Vy, V,, . .. V)) generated in the potential
generating circuit 203 as the write potential, the distribution
of the threshold voltages V,, before writing (data “0”) is
changed to the distribution of the threshold voltages V,,, after
writing.

Next, as shown in FIG. 3B, data written into the memory
cells 202 is read by the reading circuit 214, and whether the
data read by the reading circuit 214 agrees with the data held
in the data buffer 212 (i.e., the data to be written into the
memory cells 202) or not is verified (this step is referred to as
Verifying 3). Also here, only the memory cells 202 in the
range denoted by D4 in FIG. 2D are shown for convenience.

In Verifying 3, the data read by the reading circuit 214 is
judged as data “0” when the threshold voltage V,, of the
memory cell 202 is higher than Va or is judged as data “1”
when the threshold voltage V,,, of the memory cell 202 is
lower than or equal to Va.

Specifically, a range denoted by D5 in FIG. 3B is the range
where the data read by the reading circuit 214 agrees with the
data held in the data buffer 212 (i.e., the data to be written into
the memory cells 202) (this state is also referred to as Verify
OK). In the memory cells 202 in the range denoted by D5 in
FIG. 3B (i.e., the memory cells 202 in the state of Verify OK),
data “1” can be obtained when the potential V; is used as the
write potential. Thus, in the memory cells 202 in the range
denoted by D5 in FIG. 3B (i.e., the memory cells 202 in the
state of Verify OK), the still another potential (V) is deter-
mined as the write potential.

A range denoted by D6 in FIG. 3B is the range where the
data read by the reading circuit 214 does not agree with the
data held in the data buffer 212 (i.e., the data to be written into
the memory cells 202) (this state is also referred to as Verify
NG). In the memory cells 202 in the range denoted by D6 in
FIG. 3B (i.e., the memory cells 202 in the state of Verify NG),
data “1” cannot be obtained and data “0” is detected when the
potential V is used as the write potential.

In the memory cells 202 in the range denoted by D6 in FIG.
3B (i.e., the memory cells 202 in the state of Verify NG, in
which data “0” is detected), the write potential is changed to
further still another potential (here, V,) of the plurality of
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potentials generated in the potential generating circuit 203.
After that, writing, reading, and verifying are performed
again.

FIG. 3C shows the distribution of the threshold voltages
V,, in the case where writing (referred to as Writing 4) is
performed on the memory cells 202 in the range denoted by
D6 in FIG. 3B with the use of the further still another potential
V., of the plurality of potentials generated in the potential
generating circuit 203 as the write potential. Note that FIG.
3C shows only the memory cells 202 in the range denoted by
D6 in FIG. 3B for convenience; however, writing may be
concurrently performed on other memory cells 202 in the step
of Writing 4. In other words, the potential V, may be concur-
rently written into the memory cells 202 in the range denoted
by D1in FIG. 2B in the step of Writing 4, the potential V, may
be concurrently written into the memory cells 202 in the range
denoted by D3 in FIG. 2D in the step of Writing 4, and the
potential V; may be concurrently written into the memory
cells 202 in the range denoted by D5 in FIG. 3B in the step of
Writing 4.

In FIG. 3C, the threshold voltage before writing (data “0”)
of the potential V, is substantially as high as the threshold
voltage before writing (data “0” in FIG. 2A) of the potential
V, for convenience; however, the threshold voltage before
writing (data “0”) of the potential V,, may be substantially as
high as the threshold voltage after writing (data “0” in FIG.
2D) of the potential V.

As shown in FIG. 3C, when writing (Writing 4) is per-
formed with the use of the potential V,, of the plurality of
potentials (V,, V,, V,, . .. V)) generated in the potential
generating circuit 203 as the write potential, the distribution
of the threshold voltages V,, before writing (data “0”) is
changed to the distribution of the threshold voltages V , after
writing (data “17).

Next, as shown in FIG. 3D, data written into the memory
cells 202 is read by the reading circuit 214, and whether the
data read by the reading circuit 214 agrees with the data held
in the data buffer 212 (i.e., the data to be written into the
memory cells 202) or not is verified (this step is referred to as
Verifying 4). Also here, only the memory cells 202 in the
range denoted by D6 in FIG. 3B are shown for convenience.

In Veritying 4, the data read by the reading circuit 214 is
judged as data “0” when the threshold voltage V,, of the
memory cell 202 is higher than Va or is judged as data “1”
when the threshold voltage V,, of the memory cell 202 is
lower than or equal to Va.

Here, the data read by the reading circuit 214 all agrees
with the data held in the data buffer 212 (i.e., the data to be
written into the memory cells 202) (this state is also referred
to as Verify OK). The range is denoted by D7 in FIG. 3D. At
this stage, the write potentials (here, any of V|, V,, V5, and
V,) are determined for all the plurality of memory cells 202.
Note that the range of the threshold voltages V,,, denoted by
D7 in FIG. 3D corresponds to the range of the threshold
voltages V,, denoted by D1 in FIG. 2B.

Writing operation is completed when all the plurality of
memory cells 202 are in the state of Verify OK. Alternatively,
writing operation may be completed after writing, reading,
and verifying performing predetermined number of times
(e.g., j times). When the writing operation is completed,
variation (distribution width) in the threshold voltages V
after writing (data “1”) can be smaller than variation (distri-
bution width) in the threshold voltages V, before writing
(data “0”) as shown in FIG. 4A, for example. Consequently,
the operation voltage can be reduced.

An example in which the memory cell 202 has two-level
data “0” or “1” is described above; the above structure can
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also be applied in the case where the memory cell 202 has data
of three or more levels (multi-level data). Since variation
(distribution width) in the threshold voltages V,,, after writing
can be made smaller than variation (distribution width) in the
threshold voltages V,, before writing, the above structure is
advantageous also in the case of a multi-valued memory. As
shown in FIG. 4B, for example, variation (distribution width)
in the threshold voltages V,,, after writing (data “1”, “2”, and
“3”) can be made smaller than variation (distribution width)
in the threshold voltages V,, before writing (data “0”). Con-
sequently, the storage capacity can be increased without
increasing the operation voltage and the area of a memory
cell.

Variation (distribution width) in the threshold voltages V,
after writing can be suppressed to around a potential width
between adjacent potentials of plurality of potentials for writ-
ing of the same data. By generating the plurality of potentials
for writing of the same data at short intervals, variation (dis-
tribution width) in the threshold voltages V , of the memory
cells after writing can be reduced.

As shown in FIGS. 2A to 2D and FIGS. 3A to 3D, in the
case where there is variation (distribution width) in the
threshold voltages of the plurality of memory cells 202, the
potential determined as the write potential might differ
between a memory cell with the minimum threshold voltage
(Vy,_min) and a memory cell with the maximum threshold
voltage (V,;, ) €ven when the same data is written.

For example, a potential determined as the write potential
for writing data “1” into the memory cell 202 with the mini-
mum threshold voltage (V,;, ,.;,,) is the potential V, as shown
in FIGS. 2A and 2B, whereas a potential determined as the
write potential for writing data “1” into the memory cell 202
with the maximum threshold voltage (V. ) is the poten-
tial V, as shown in FIGS. 3C and 3D.

Here, it is preferable that a potential (here, V) determined
as the write potential for the memory cell 202 with the mini-
mum threshold voltage (V,,, ,..,) be higher than or equal to
the lowest potential of potentials (i.e., V,, V,, ... V) for
writing data “1” among the plurality of potentials (V,, V,,
V,, ... V) generated in the potential generating circuit. In
addition, it is preferable that a potential (here, V) determined
as the write potential for the memory cell 202 with the maxi-
mum threshold voltage (V,;, ,,..) be lower than or equal to the
highest potential among the plurality of potentials (V,, V,,
Vs, ... V,) generated in the potential generating circuit.

In other words, it is preferable that the lowest potential of
the potentials (i.e., V,, V, ... V) for writing data “1” among
the plurality of potentials generated in the potential generat-
ing circuit be lower than or equal to the potential (here, V)
determined as the write potential for the memory cell with the
minimum threshold voltage (V,;, ,,.;,,). In addition, it is pref-
erable that the highest potential among the plurality of poten-
tials generated in the potential generating circuit be higher
than or equal to the potential (here, V,) determined as the
write potential for the memory cell with the maximum thresh-
old voltage (V,, .00)-

In the above structure, in each of the plurality of memory
cells 202, one of a source and a drain of the transistor (not
shown) including an oxide semiconductor can be electrically
connected to a gate of the transistor (not shown) including a
material other than an oxide semiconductor.

In the above structure, the second signal line 222 which
electrically connects the writing circuit 211 to each of the
plurality of memory cells 202 can be electrically connected to
the other of the source and the drain of the transistor (not
shown) including an oxide semiconductor included in each of
the plurality of memory cells 202.
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In the above structure, the third signal line 223 which
electrically connects the reading circuit 214 to each of the
plurality of memory cells 202 can be electrically connected to
one of a source and a drain of the transistor (not shown)
including a material other than an oxide semiconductor
included in each of the plurality of memory cells 202.

Inthe above structure, it is preferable that the transistor (not
shown) including a material other than an oxide semiconduc-
tor include a channel formation region provided in a substrate
including a semiconductor material.

Inthe semiconductor device according to this embodiment,
even when the threshold voltage of a transistor included in the
memory cell 202 fluctuates, variation (distribution width) in
the threshold voltages of the plurality of memory cells 202
after writing can be reduced, whereby the operation voltage
of the semiconductor device can be reduced. A memory can
be multi-valued without increasing the operation voltage and
the area of a memory cell, so that the storage capacity per unit
area of the semiconductor device can be increased. A semi-
conductor device in which operation such as writing, holding,
or reading can be surely performed can be provided.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

Embodiment 2

In this embodiment, a circuit configuration and operation
of'a memory cell included in a semiconductor device accord-
ing to one embodiment of the disclosed invention will be
described with reference to FIGS. 5A1, 5A2, and 5B. Note
that in some circuit diagrams, “OS” is written beside a tran-
sistor in order to indicate that the transistor includes an oxide
semiconductor.
<Basic Configuration of Memory Cell>

In a memory cell illustrated in FIG. 5A-1, a first wiring (a
1st Line) and a source electrode (or a drain electrode) of a
transistor 160 are electrically connected to each other, and a
second wiring (a 2nd Line) and the drain electrode (or the
source electrode) of the transistor 160 are electrically con-
nected to each other. In addition, a third wiring (a 3rd Line)
and a source electrode (or a drain electrode) of a transistor 162
are electrically connected to each other, and a fourth wiring (a
4th Line) and a gate electrode of the transistor 162 are elec-
trically connected to each other. Further, a gate electrode of
the transistor 160 and the drain electrode (or the source elec-
trode) of the transistor 162 are electrically connected to one
electrode of a capacitor 164, and a fifth wiring (a Sth Line) and
the other electrode of the capacitor 164 are electrically con-
nected to each other.

Here, atransistor including an oxide semiconductor is used
as the transistor 162, for example. A transistor including an
oxide semiconductor has a characteristic of an extremely low
off-state current. For that reason, a potential of the gate elec-
trode of the transistor 160 can be held for an extremely long
time by turning off the transistor 162. Provision of the capaci-
tor 164 facilitates holding of charge given to the gate elec-
trode of the transistor 160 and reading of stored data.

A transistor including a material other than an oxide semi-
conductor is used as the transistor 160. In terms of increasing
the speed of data reading, it is preferable to use, for example,
a transistor with high switching rate such as a transistor
including single crystal silicon.

A structure in which the capacitor 164 is not provided as
illustrated in FIG. 5B can also be employed.
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The memory cell illustrated in FIG. 5A1 utilizes a charac-
teristic in which the potential of the gate electrode of the
transistor 160 can be held, whereby writing, holding, and
reading of data can be performed as follows.

Firstly, writing and holding of data will be described. First,
the potential of the fourth wiring is set to a potential at which
the transistor 162 is turned on, so that the transistor 162 is
turned on. Accordingly, the potential of the third wiring is
applied to the gate electrode of the transistor 160 and the
capacitor 164. That is, predetermined charge is given to the
gate electrode of the transistor 160 (writing). Here, one of
charges for supply of two different potentials (hereinafter,
charge for supply of a low potential is referred to as charge Q;,
and charge for supply of a high potential is referred to as
charge Q) is given. Note that charges for supply of three or
more different potentials may be employed to improve the
storage capacity. After that, the potential of the fourth wiring
is set to a potential at which the transistor 162 is turned off, so
that the transistor 162 is turned off. Thus, the charge given to
the gate electrode of the transistor 160 is held (holding).

Since the off-state current of the transistor 162 is extremely
low, the charge of the gate electrode of the transistor 160 is
held for a long time.

Secondly, reading of data will be described. By supplying
an appropriate potential (a read potential) to the fifth wiring
while a predetermined potential (a constant potential) is sup-
plied to the first wiring, the potential of the second wiring
varies depending on the amount of charge held in the gate
electrode of the transistor 160. This is because in general,
when the transistor 160 is an n-channel transistor, an apparent
threshold voltage V,;, ., in the case where Q, is given to the
gate electrode of the transistor 160 is lower than an apparent
threshold voltage V,, ; in the case where Q, is given to the
gate electrode of the transistor 160. Here, an apparent thresh-
old voltage refers to the potential of the fifth wiring, which is
needed to turn on the transistor 160. Thus, the potential of the
fifth wiring is set to a potential V, intermediate betweenV,;, .,
and V,, ;, whereby charge given to the gate electrode of the
transistor 160 can be determined. For example, in the case
where Q,, is given in writing, when the potential of the fifth
wiring is V, (>V,, ), the transistor 160 is turned on. In the
case where Q; is given in writing, even when the potential of
the fifth wiring is Vi, (<V;, ,), the transistor 160 remains in an
off state. Therefore, the stored data can be read by measuring
the potential of the second wiring.

However, fluctuation in the threshold voltage of a transistor
(e.g., the transistor 160) included in the memory cell may
cause fluctuation in potentials needed for driving a plurality
of memory cells (such a potential is also referred to as the
threshold voltage of a memory cell). For example, fluctuation
in the threshold voltage of the transistor 160 may cause varia-
tion in the threshold voltages of the memory cells in data
reading. Therefore, the operation voltages of the plurality of
memory cells are each set to have a certain range in consid-
eration of the variation in the threshold voltages of the
memory cells. This has limited a reduction in the operation
voltages of the memory cells.

In the semiconductor device according to one embodiment
of'the disclosed invention, writing, reading, and verifying are
performed while the write potential is sequentially changed to
another potential as shown in FIG. 1, FIGS. 2A to 2D, FIGS.
3A 103D, and FIGS. 4A and 4B; thus, the write potentials for
the plurality of memory cells are determined. Accordingly, a
semiconductor device in which, by reducing variation (distri-
bution width) in the threshold voltages of memory cells after
writing, the operation voltage can be reduced, the storage
capacity can be increased, or operation such as writing, hold-
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ing, or reading can be surely performed can be provided. In
addition, a method for driving the semiconductor device can
be provided.

Note that in the case where a plurality of memory cells is
arrayed to be used, only data of desired memory cells is
needed to be read. Thus, in the case where data of predeter-
mined memory cells is read and data of the other memory
cells is not read, a potential which allows the transistor 160 to
be turned off regardless of a state of the gate electrode, that is,
a potential lower than V,, ,, may be supplied to fifth wirings
of the memory cells whose data is not to be read. Alterna-
tively, a potential which allows the transistor 160 to be turned
onregardless of a state of the gate electrode, that is, a potential
higher than V,;, , may be supplied to the fifth wirings.

Next, rewriting of data (also referred to as another writing)
will be described. Rewriting of data is performed in a manner
similar to that of the writing and holding of data. That is, the
potential of the fourth wiring is set to a potential at which the
transistor 162 is turned on, so that the transistor 162 is turned
on. Accordingly, the potential of the third wiring (potential
related to new data) is applied to the gate electrode of the
transistor 160 and the capacitor 164. After that, the potential
of'the fourth wiring is set to a potential at which the transistor
162 is turned off, so that the transistor 162 is turned off.
Accordingly, charge related to new data is given to the gate
electrode of the transistor 160.

In the memory cell included in the semiconductor device
according to the disclosed invention, data can be directly
rewritten by another writing of data as described above.
Therefore, extraction of electrons or holes from a floating
gate with the use of high voltage needed in a flash memory or
the like is not necessary and thus, a reduction in operation
speed, which is attributed to erasing operation, can be sup-
pressed. In other words, high-speed operation of the semicon-
ductor device including the memory cell can be realized.

Note that the third wiring illustrated in FIGS. 5A1 and 5B
corresponds to the second signal line 222 illustrated in FIG. 1.
The second wiring illustrated in FIGS. 5A1 and 5B corre-
sponds to the third signal line 223 illustrated in FIG. 1.

Note that the drain electrode (or the source electrode) of the
transistor 162 is electrically connected to the gate electrode of
the transistor 160, thereby having a function similar to that of
a floating gate of a floating-gate transistor which is used as a
nonvolatile memory element. Hereinafter, the portion where
the drain electrode (or the source electrode) of the transistor
162 and the gate electrode of the transistor 160 are electrically
connected to each other is called a node FG in some cases.
When the transistor 162 is off, the node FG can be regarded as
being embedded in an insulator and charge is held in the node
FG. The off-state current of the transistor 162 including an
oxide semiconductor is less than or equal to one hundred
thousandth of the off-state current of a transistor including a
silicon semiconductor; thus, loss of the charge accumulated
in the node FG due to leakage current of the transistor 162 is
negligible. That is, with the transistor 162 including an oxide
semiconductor, a nonvolatile memory device which can hold
data even when power is not supplied can be realized.

For example, when the off-state current of the transistor
162 is 10 zA (1 zA (zeptoampere) is 1x1072" A) or lower at
room temperature (25° C.) and the capacitance of the capaci-
tor 164 is approximately 10 fF, data can be held for 10*
seconds or longer. Needless to say, the holding time depends
on transistor characteristics and the capacitance.

Inthe memory cell included in the semiconductor device of
the disclosed invention, a problem of deterioration of a gate
insulating layer (a tunnel insulating film), which occurs in a
conventional floating-gate transistor, does not exist. That is,
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deterioration of a gate insulating layer due to injection of
electrons into a floating gate, which has been regarded as a
problem, can be solved. This means that there is no limit on
the number of times of writing in principle. Furthermore, high
voltage needed for writing or erasing in a conventional float-
ing-gate transistor is not necessary.

Components such as transistors in the memory cell illus-
trated in FIG. 5A1 can be regarded as including resistors and
capacitors as illustrated in FIG. 5A2. That is, in FIG. 5A2, the
transistor 160 and the capacitor 164 are each regarded as
including a resistor and a capacitor. R1 and C1 denote the
resistance and the capacitance of the capacitor 164, respec-
tively. The resistance R1 corresponds to the resistance of an
insulating layer included in the capacitor 164. R2 and C2
denote the resistance and the capacitance of the transistor
160, respectively. The resistance R2 corresponds to the resis-
tance of a gate insulating layer at the time when the transistor
160 is in an on state. The capacitance C2 corresponds to a
so-called gate capacitance (capacitance formed between the
gate electrode and the source or drain electrode, and capaci-
tance formed between the gate electrode and a channel for-
mation region).

A charge holding period (also referred to as a data holding
period) is determined mainly by the off-state current of the
transistor 162 under the conditions where the gate leakage
current of the transistor 162 is sufficiently low and the rela-
tions R1=ROS and R2=ROS are satisfied, where ROS is the
resistance (also referred to as effective resistance) between
the source electrode and the drain electrode in the case where
the transistor 162 is in an off state.

On the other hand, when the conditions are not met, it is
difficult to secure a sufficient holding period even if the oft-
state current of the transistor 162 is low enough. This is
because leakage current other than the off-state current of the
transistor 162 (e.g., leakage current generated between the
source electrode and the gate electrode of the transistor 160)
is high. Accordingly, it can be said that the memory cell
disclosed in this embodiment preferably satisfies the relations
R1=ROS and R2=ROS.

It is preferable that C1=C2 be satisfied. This is because by
increasing C1, the potential of the fifth wiring can be effi-
ciently applied to the node FG when the potential of the node
FG is controlled by the fifth wiring, and thus the difference
between the potentials supplied to the fifth wiring (e.g., a read
potential and a non-read potential) can be reduced.

When the above relations are satisfied, a semiconductor
device including a more favorable memory cell can be real-
ized. Note that R1 and R2 are controlled by the gate insulating
layer of the transistor 160 and the insulating layer of the
capacitor 164. The same applies to C1 and C2. Therefore, the
material, the thickness, and the like of the gate insulating
layer are preferably set as appropriate to satisfy the above
relations.

In the semiconductor device described in this embodiment,
the node FG has a function similar to that of a floating gate of
a floating-gate transistor in a flash memory or the like, but the
node FG of this embodiment has a feature which is essentially
different from that of the floating gate in the flash memory or
the like.

In a flash memory, since a potential applied to a control gate
is high, it is necessary to keep a proper distance between cells
in order to prevent the potential from affecting a floating gate
of the adjacent cell. This is one of factors inhibiting higher
integration of the semiconductor device. The factor is attrib-
uted to abasic principle of a flash memory, in which tunneling
current is generated by application of a high electric field.
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In contrast, the memory cell included in the semiconductor
device according to this embodiment is operated by switching
of'a transistor including an oxide semiconductor and does not
use the above principle of charge injection by tunneling cur-
rent. That is, a high electric field for charge injection is not
necessary unlike a flash memory. Accordingly, it is not nec-
essary to consider an influence of a high electric field from a
control gate on an adjacent cell, which facilitates higher inte-
gration.

In addition, there is another advantage over a flash memory
in that a high electric field and a large peripheral circuit (such
as a booster circuit) are unnecessary. For example, the highest
voltage applied to the memory cell according to this embodi-
ment (the difference between the highest potential and the
lowest potential applied to terminals of the memory cell at the
same time) can be 5V or lower, preferably 3 V or lower in
each memory cell in the case where two-level (one-bit) data is
written.

In the case where the relative permittivity &rl of the insu-
lating layer included in the capacitor 164 is different from the
relative permittivity €r2 of the insulating layer included in the
transistor 160, it is easy to satisfy C1=C2 while satisfying
2-S2=S1 (preferably S2=S1), where S1 is the area of the
insulating layer included in the capacitor 164 and S2 is the
area of the insulating layer forming a gate capacitor of the
transistor 160. Specifically, for example, a film including a
high-k material such as hafnium oxide or a stack of a film
including a high-k material such as hafnium oxide and a film
including an oxide semiconductor is used for the insulating
layer included in the capacitor 164 so that €rl can be 10 or
more, preferably 15 or more, and silicon oxide is used for the
insulating layer forming the gate capacitor so that &r2 can be
3t04.

Combination of such structures enables higher integration
of the memory cell included in the semiconductor device
according to the disclosed invention.

Note that in addition to the increase in the integration
degree, a multilevel technique can be employed in order to
increase the storage capacity of the memory cell included in
the semiconductor device. For example, data of three or more
levels is written into one memory cell, whereby the storage
capacity can be increased as compared to that in the case
where two-level (one-bit) data is written. The multilevel tech-
nique can be achieved by, for example, giving charge Q to a
gate electrode of a first transistor, in addition to the charge Q,
for supply of a low potential and the charge Qg for supply of
a high potential, which are described above.

Since the off-state current of the transistor 162 including an
oxide semiconductor in the semiconductor device described
in this embodiment is extremely low, stored data can be held
for an extremely long time by using the transistor. In other
words, power consumption can be sufficiently reduced
because refresh operation becomes unnecessary or the fre-
quency of refresh operation can be extremely low. Moreover,
stored data can be held for a long time even when power is not
supplied (note that a potential is preferably fixed).

In the semiconductor device according to the disclosed
invention, even when the threshold voltage of a transistor
included in a memory cell fluctuates, variation (distribution
width) in the threshold voltages of a plurality of memory cells
after writing can be reduced, whereby the operation voltage
of the semiconductor device can be reduced. A memory can
be multi-valued without increasing the operation voltage and
the area of a memory cell, so that the storage capacity per unit
area of the semiconductor device can be increased. A semi-
conductor device in which operation such as writing, holding,
or reading can be surely performed can be provided.
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Further, the semiconductor device described in this
embodiment does not need high voltage for data writing and
there is no problem of element deterioration. For example,
unlike a conventional nonvolatile memory, it is not necessary
to inject and extract electrons into and from a floating gate,
and thus a problem such as deterioration of a gate insulating
layer does not occur at all. In other words, the semiconductor
device according to the disclosed invention does not have a
limit on the number of times of rewriting which is a problem
in a conventional nonvolatile memory, and reliability thereof
is drastically improved. Furthermore, data is written by turn-
ing on or off the transistor, whereby high-speed operation can
be easily realized.

Since a transistor including a material other than an oxide
semiconductor can operate at sufficiently high speed, a semi-
conductor device in which the transistor is used in combina-
tion with a transistor including an oxide semiconductor can
perform operation (e.g., data reading) at sufficiently high
speed. Further, a transistor including a material other than an
oxide semiconductor can favorably realize a variety of cir-
cuits (such as a logic circuit or a driver circuit) which is
required to operate at high speed.

Thus, a semiconductor device having a novel feature can be
achieved by being provided with both the transistor including
a material other than an oxide semiconductor (a transistor
capable of operation at sufficiently high speed, in general)
and the transistor including an oxide semiconductor (a tran-
sistor whose off-state current is sufficiently low, in general).

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

Embodiment 3

In this embodiment, application examples of a semicon-
ductor device according to one embodiment of the disclosed
invention will be described with reference to FIGS. 6A to 6C.
Here, examples of a memory device will be described. Note
that in some circuit diagrams, “OS” is written beside a tran-
sistor in order to indicate that the transistor includes an oxide
semiconductor.

FIGS. 6A to 6C are each a circuit diagram of a semicon-
ductor device, which can be used as a memory device, includ-
ing a plurality of semiconductor devices (hereinafter also
referred to as memory cells) illustrated in FIG. 5A1. FIGS.
6A and 6B are circuit diagrams of so-called NAND semicon-
ductor devices in which memory cells are connected in series,
and FIG. 6C is a circuit diagram of a so-called NOR semi-
conductor device in which memory cells are connected in
parallel.

The semiconductor device in FIG. 6A includes a source
line SL, a bit line BL, a first signal line S1, m second signal
lines S2, m word lines WL, and m memory cells. In FIG. 6A,
one source line SL and one bit line BL are provided; however,
one embodiment of the disclosed invention is not limited to
this. A plurality of source lines SL and a plurality of bit lines
BL may be provided.

A memory cell 550(7) is considered as a typical example of
the memory cells, where is an integer greater than or equal to
1 and less than or equal to m. In the memory cell 550(7), a gate
electrode of a transistor 500(7), a drain electrode (or a source
electrode) of atransistor 510(7), and one electrode of a capaci-
tor 520(7) are electrically connected to each other. The first
signal line S1 and the source electrode (or the drain electrode)
of the transistor 510(i) are electrically connected to each
other. The second signal line S2(7) and a gate electrode of the

20

25

35

40

45

55

20

transistor 510(7) are electrically connected to each other. The
word line WL(i) and the other electrode of the capacitor
520(i) are electrically connected to each other.

Further, a drain electrode of the transistor 500(i) in the
memory cell 550() is electrically connected to a source elec-
trode of a transistor 500(i-1) in an adjacent memory cell
550(i-1). A source electrode of the transistor 500(7) in the
memory cell 550(7) is electrically connected to a drain elec-
trode of a transistor 500(i+1) in an adjacent memory cell
550(i+1). Note that a drain electrode of a transistor 500(1) in
a memory cell 550(1) among the m memory cells connected
in series is electrically connected to the bit line BL. In addi-
tion, a source electrode of a transistor 500(m2) in a memory
cell 550(m) among the m memory cells connected in series is
electrically connected to the source line SL.

The transistor 500(1) in the memory cell 550(1) may be
electrically connected to the bit line BL through a selection
transistor (not shown). In that case, a selection line G(1) is
connected to a gate electrode of the selection transistor. Fur-
ther, the transistor 500(m) in the memory cell 550(m) may be
electrically connected to the source line SL through a selec-
tion transistor (not shown). In that case, a selection line G(2)
is connected to a gate electrode of the selection transistor.

In the semiconductor device in FIG. 6A, writing operation
and reading operation per row are performed. The writing
operation is performed as follows. A potential at which the
transistor 510(7) is turned on is supplied to the second signal
line S2(7) in a row subjected to writing (e.g., the i-th row), so
that the transistor 510(7) in the row subjected to writing is
turned on. Accordingly, the potential of the first signal line S1
is applied to the gate electrode of the transistor 500(7) in the
specified row, so that predetermined charge is given to the
gate electrode. Thus, data can be written into the memory cell
of' the specified row.

The reading operation is performed as follows. The word
lines WL of rows other than the row subjected to reading (e.g.,
the i-th row) are supplied with a potential at which the tran-
sistors 500 that are not in the row subjected to reading are
turned on regardless of charge given to the gate electrode of
the transistor 500(7), so that the transistors 500 in the rows
other than the row subjected to reading are turned on. Then,
the word line WL(i) of the row subjected to reading is sup-
plied with a potential (a reading potential) at which the on
state or the off state of the transistor 500(7) is selected depend-
ing on data to which the charge stored in the gate electrode of
the transistor 500(¥) corresponds. Moreover, a constant poten-
tial is supplied to the source line SL so that a reading circuit
(not shown) connected to the bit line BL operates. Here,
among a plurality of transistors 500(1) to 500() between the
source line SL and the bit line BL, all the transistors 500
except the transistor 500(7) in the row subjected to reading is
in an on state; therefore, the level of the conductance between
the source line SL. and the bit line BL is determined by the
state (the on state or the off state) of the transistor 500(7) in the
row subjected to reading. The state (the on state or the off
state) of the transistor 500(7) differs depending on data to
which the charge stored in the gate electrode of the transistor
500(7) in the row subjected to reading corresponds; thus, the
potential of the bit line BL. varies accordingly. By reading the
potential of the bit line BL with the reading circuit, data can be
read out from the memory cell of the specified row.

However, fluctuation in the threshold voltage of a transistor
(e.g., the transistor 500(7)) included in the memory cell may
cause fluctuation in potentials needed for driving the plurality
of memory cells (such a potential is also referred to as the
threshold voltage of a memory cell). For example, fluctuation
in the threshold voltage of the transistor 500(;) may cause



US 9,123,432 B2

21

fluctuation in the threshold voltages of the memory cells in
data reading. Therefore, the operation voltages of the plural-
ity of memory cells are each set to have a certain range in
consideration of the variation in the threshold voltages of the
memory cells. This has limited a reduction in the operation
voltages of the memory cells.

In the semiconductor device according to one embodiment
of'the disclosed invention, writing, reading, and verifying are
performed while the write potential is sequentially changed to
another potential as shown in FIG. 1, FIGS. 2A to 2D, FIGS.
3A 103D, and FIGS. 4A and 4B; thus, the write potentials for
the plurality of memory cells are determined. Accordingly, a
semiconductor device in which, by reducing variation (distri-
bution width) in the threshold voltages of memory cells after
writing, the operation voltage can be reduced, the storage
capacity can be increased, or operation such as writing, hold-
ing, or reading can be surely performed can be provided. In
addition, a method for driving the semiconductor device can
be provided.

Note that the first signal line S1 illustrated in FIG. 6A
corresponds to the second signal line 222 illustrated in FIG. 1.
The bit line BL illustrated in FIG. 6 A corresponds to the third
signal line 223 illustrated in FIG. 1.

FIG. 6B illustrates a semiconductor device whose configu-
ration is partly different from that in FIG. 6A.

One of differences between the semiconductor device in
FIG. 6B and the semiconductor device in FIG. 6A is that the
bit line BL. and the drain electrode of the transistor 500(1) in
the memory cell 550(1) are electrically connected to each
other through a selection transistor 530 in the semiconductor
device in FIG. 6B. A gate electrode of the selection transistor
530 is electrically connected to the selection line G(1) for
switching between the on and off states of the selection tran-
sistor 530.

Another difference between the semiconductor device in
FIG. 6B and the semiconductor device in FIG. 6A is that the
source electrode (or the drain electrode) of the transistor 510
in each memory cell is connected to the first signal line S1 in
the semiconductor device in FIG. 6 A, whereas the transistors
510 in the memory cells are connected in series in the semi-
conductor device in FIG. 6B. That is, the source electrode of
the transistor 510(7) in the memory cell 550(i) is electrically
connected to a drain electrode of a transistor 510(i-1) in the
adjacent memory cell 550(i-1). The drain electrode of the
transistor 510(;) in the memory cell 550(i) is electrically
connected to a source electrode of a transistor 510(i+1) in the
adjacent memory cell 550(i+1). Note that the source electrode
of'the transistor 510(1) in the memory cell 550(1) among the
m memory cells connected in series is electrically connected
to the first signal line S1. Moreover, in each of the memory
cells connected in series, the drain electrode (or the source
electrode) of the transistor 510 is electrically connected to the
gate electrode of the transistor 500 and one electrode of the
capacitor 520 as in the semiconductor device in FIG. 6A.

The configuration of other portions of the semiconductor
device in FIG. 6B is similar to that of the semiconductor
device in FIG. 6A; therefore, the above description can be
referred to for the details.

Note that the first signal line S1 and the bit line BL. are
separately provided in the semiconductor device in FIG. 6B;
however, the disclosed invention is not limited to this. The
first signal line S1 and the bit line BL. may be one wiring.

In the semiconductor device in FIG. 6B, writing operation
and reading operation per row are performed. The writing
operation is performed as follows.

The writing operation is sequentially performed every row
from the m-th row. In order to perform writing on the i-th row
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(i=1 to m), a potential at which the transistor 510(7) is turned
on is supplied to the second signal line S2(i) in the row (the
i-th row) subjected to writing, so that the transistor 510(i) in
the row subjected to writing is turned on. Here, in the case
where the transistors 510(1) to 510(i-1) are placed between
the transistor (i) and the first signal line S1, the transistors
510(1) to 510(i-1) in the rows that precede the row subjected
to writing are turned on so that the potential of the first signal
line S1 is applied to the memory cell 550(7) of the row sub-
jected to writing. Accordingly, the potential of the first signal
line S1 is supplied to the gate electrode of the transistor 500(7)
in the specified row, so that predetermined charge is given to
the gate electrode. Then, the potential of the second signal
line S2(i) is fixed at GND, so that charge accumulated in the
gate electrode of the transistor 500(7) is held. Thus, data can
be written into the memory cell of the specified row (the i-th
row).

Note that in the semiconductor device in FIG. 6B, since the
transistors 510 included in the memory cells 550 are con-
nected in series, it is difficult to rewrite data only in a given
row. Therefore, operation for erasing data in a plurality of
rows at once is preferably performed. For example, erasing
per block is preferably performed, dividing the first to m-th
rows into blocks. In order to rewrite data in a predetermined
block, it is preferable that data in the block be erased first, and
then data writing be sequentially performed from the m-th
row. Note that in the case where data in a row on which
writing has just been performed is rewritten, erasing opera-
tion is unnecessary.

The reading operation is performed as follows. First, the
selection transistor is turned on by supply of a potential to the
selection line G(1). Note that in the case where there are a
selection transistor connected to the selection line G(1) and a
selection transistor connected to the selection line G(2), the
two transistors are turned on. Moreover, the word lines WL of
rows other than the row (e.g., the i-th row) subjected to read-
ing are supplied with a potential at which the transistors 500
that are not in the row subjected to reading are turned on
regardless of charge given to the gate electrode of the transis-
tor 500(7), so that the transistors 500 in the rows other than the
row subjected to reading are turned on. Then, the word line
WL(1) of the row subjected to reading is supplied with a
potential (a reading potential) at which the on state or the off
state of the transistor 500(7) is selected depending on data to
which the charge stored in the gate electrode of the transistor
500(i) corresponds. Moreover, a constant potential is sup-
plied to the source line SL. so that a reading circuit (not shown)
connected to the bit line BL. operates. Here, among the plu-
rality of transistors 500(1) to 500(r) between the source line
SL and the bit line BL, all the transistors 500 except the
transistor 500(7) in the row subjected to reading is in an on
state; therefore, the level of the conductance between the
source line SL. and the bit line BL. is determined by the state
(the on state or the off state) of the transistor 500(7) in the row
subjected to reading. The state (the on state or the off state) of
the transistor 500(7) differs depending on data to which the
charge stored in the gate electrode of the transistor 500(i) in
the row subjected to reading corresponds; thus, the potential
of'the bit line BL. varies accordingly. By reading the potential
of the bit line BL with the reading circuit, data can be read
from the memory cell of the specified row.

Also in the semiconductor device illustrated in FIG. 6B,
writing, reading, and verifying are performed while the write
potential is sequentially changed to another potential as
shown in FIG. 1, FIGS. 2A to 2D, FIGS. 3A to 3D, and FIGS.
4A and 4B; thus, the write potentials for the plurality of
memory cells are determined. Accordingly, a semiconductor
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device in which, by reducing variation (distribution width) in
the threshold voltages of memory cells after writing, the
operation voltage can be reduced, the storage capacity can be
increased, or operation such as writing, holding, or reading
can be surely performed can be provided. In addition, a
method for driving the semiconductor device can be pro-
vided.

Note that the first signal line S1 illustrated in FIG. 6B
corresponds to the second signal line 222 illustrated in FIG. 1.
The bit line BL illustrated in FIG. 6B corresponds to the third
signal line 223 illustrated in FIG. 1.

The semiconductor device in FIG. 6C includes n source
lines SL., n bit lines BL, n first signal lines S1, m second signal
lines S2, m word lines WL, and a plurality of memory cells
550(1,1) to 550(m, n).

A memory cell 550(i,j) is considered as a typical example
of'the memory cells, where i is an integer greater than or equal
to 1 and less than or equal to m and j is an integer greater than
or equal to 1 and less than or equal to n. In the memory cell
550(i,j) a gate electrode of a transistor 500(7,;), a drain elec-
trode (or a source electrode) of a transistor 510(i,j), and one
electrode of a capacitor 520(i,j) are electrically connected to
each other. The source line SL(j) and a source electrode of the
transistor 500(i,f) are electrically connected to each other. The
bitline BL(j) and a drain electrode of the transistor 500(i,f) are
electrically connected to each other. The first signal line S1(j)
and the source electrode (or the drain electrode) of the tran-
sistor 510(i,j) are electrically connected to each other. The
second signal line S2(7) and a gate electrode of the transistor
510(i,j) are electrically connected to each other. The word line
WL(1) and the other electrode of the capacitor 520(i,j) are
electrically connected to each other.

In the semiconductor device in FIG. 6C, writing operation
and reading operation per row are performed. The writing
operation is performed in the same manner as that in the
semiconductor device in FIG. 6A. The reading operation is
performed as follows. First, the word lines WL of rows other
than a row subjected to reading (e.g., the i-th row having the
memory cells 550(7,1) to 550(i,»)) are supplied with a poten-
tial at which the transistors 500 that are not in the row sub-
jected to reading are turned off regardless of data to which
charge given to gate electrodes of the transistors 500(7,1) to
500(i,7) corresponds, so that the transistors 500 in the rows
other than the row subjected to reading are turned off. Then,
the word line WL(i) of the row subjected to reading is sup-
plied with a potential (a reading potential) at which the on
state or the off state of the transistors 500(i,1) to 500(i,») is
selected depending on data to which the charge stored in the
gate electrodes of the transistors 500(i,1) to 500(i,») corre-
sponds. Moreover, a constant potential is supplied to the
source line SL(j) so that a reading circuit (not shown) con-
nected to the bit line BL(j) operates. Here, the level of the
conductance between the source line SL(j) and the bit line
BL(j) is determined by the state (the on state or the off state)
of the transistors 500(i,1) to 500(j,») in the row subjected to
reading. That is, the potential of the bit line BL(j) differs
depending on data to which the charge stored in the gate
electrodes of the transistors 500(i,1) to 500(i,») in the row
subjected to reading corresponds. By reading the potential of
the bit line BL(j) with the reading circuit, data can be read
from the memory cell of the specified row.

Also in the semiconductor device illustrated in FIG. 6C,
writing, reading, and verifying are performed while the write
potential is sequentially changed to another potential as
shown in FIG. 1, FIGS. 2A to 2D, FIGS. 3A to 3D, and FIGS.
4A and 4B; thus, the write potentials for the plurality of
memory cells are determined. Accordingly, a semiconductor
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device in which, by reducing variation (distribution width) in
the threshold voltages of memory cells after writing, the
operation voltage can be reduced, the storage capacity can be
increased, or operation such as writing, holding, or reading
can be surely performed can be provided. In addition, a
method for driving the semiconductor device can be pro-
vided.

Note that the first signal line S1(j) illustrated in FIG. 6C
corresponds to the second signal line 222 illustrated in FIG. 1.
The bit line BL(j) illustrated in FIG. 6C corresponds to the
third signal line 223 illustrated in FIG. 1.

Although the amount of data which can be held in each of
the memory cells 550 is one bit in the above description, the
structure of the semiconductor device of this embodiment is
not limited to this. The amount of data which can be held in
each of the memory cells 550 may be increased by preparing
three or more potentials to be applied to the gate electrode of
the transistor 500 in writing. For example, in the case where
the number of potentials to be applied to the gate electrode of
the transistor 500 in writing is four, data of two bits can be
held in each of the memory cells.

In FIGS. 6A to 6C, the first signal line S1(y) and the bit line
BL(j) may be one wiring. When one wiring serves as both the
first signal line S1(j) and the bit line BL(j), the number of
wirings can be reduced.

In the semiconductor device according to the disclosed
invention, even when the threshold voltage of a transistor
included in a memory cell fluctuates, variation (distribution
width) in the threshold voltages of the plurality of memory
cells after writing can be reduced, whereby the operation
voltage of the semiconductor device can be reduced. A
memory can be multi-valued without increasing the operation
voltage and the area of a memory cell, so that the storage
capacity per unit area of the semiconductor device can be
increased. A semiconductor device in which operation such
as writing, holding, or reading can be surely performed can be
provided.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

Embodiment 4

In this embodiment, a structure and a manufacturing
method of a memory cell included in a semiconductor device
according to one embodiment of the disclosed invention will
be described with reference to FIGS. 7A and 7B, FIGS. 8A to
8D, FIGS. 9A to 9D, FIGS. 10A to 10D, and FIGS. 11A and
11B.
<Cross-Sectional Structure and Plan View of Memory Cell>

FIGS. 7A and 7B illustrate an example of a structure of a
memory cell included in a semiconductor device. FIG. 7A
illustrates a cross section of the memory cell included in the
semiconductor device, and FIG. 7B illustrates a plan view of
the memory cell included in the semiconductor device. In
FIG. 7A, A1-A2 is a cross section perpendicular to a channel
length direction of a transistor, and B1-B2 is a cross section
parallel to the channel length direction of the transistor. The
semiconductor device illustrated in FIGS. 7A and 7B
includes the transistor 160 including a first semiconductor
material in a lower portion, and the transistor 162 including a
second semiconductor material in an upper portion. FIGS. 7A
and 7B illustrate the semiconductor device including one
transistor 160, one transistor 162, and one capacitor 164;
alternatively, the semiconductor device may include a plural-
ity of transistors 160, transistors 162, and capacitors 164.
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Here, the first semiconductor material is preferably difter-
ent from the second semiconductor material. For example, a
semiconductor material other than an oxide semiconductor
can be used as the first semiconductor material, and an oxide
semiconductor can be used as the second semiconductor
material. The semiconductor material other than an oxide
semiconductor can be, for example, silicon, germanium, sili-
con germanium, silicon carbide, gallium arsenide, or the like,
and a single crystal semiconductor is preferably used. Alter-
natively, an organic semiconductor material or the like may
be used. A transistor including such a semiconductor material
can operate at high speed easily. On the other hand, a transis-
tor including an oxide semiconductor can hold charge for a
long time owing to its characteristics.

Either an n-channel transistor or a p-channel transistor can
be employed as the transistor 160 and the transistor 162. Here,
the case where the transistor 160 and the transistor 162 are
both n-channel transistors is described. Since the technical
feature of one embodiment of the present invention is to use a
semiconductor material like an oxide semiconductor, which
can sufficiently reduce off-state current, for the transistor 162
in order to hold data, it is not necessary to limit specific
conditions such as a structure or a material of the semicon-
ductor device to those given here.

The transistor 160 includes a channel formation region 116
provided in a substrate 100 including a semiconductor mate-
rial (e.g., silicon), impurity regions 120 (also referred to as a
source region and a drain region) provided so that the channel
formation region 116 is sandwiched therebetween, metal
compound regions 124 in contact with the impurity regions
120, a gate insulating layer 108 provided over the channel
formation region 116, and a gate electrode 110 provided over
the gate insulating layer 108. Note that FIGS. 7A and 7B
illustrate an element in which distinct source and drain elec-
trodes are not provided; such an element is sometimes
referred to as a transistor for the sake of convenience. Further,
in such a case, in description of connection of a transistor, a
source region and a source electrode may be collectively
referred to as a “source electrode,” and a drain region and a
drain electrode may be collectively referred to as a “drain
electrode”. That is, in this specification, the term “source
electrode” may include a source region.

An electrode 126 is connected to part of the metal com-
pound region 124 of the transistor 160. Here, the electrode
126 functions as a source electrode or a drain electrode of the
transistor 160. Further, an element isolation insulating layer
106 is provided on the substrate 100 so as to surround the
transistor 160, and an insulating layer 128 is provided on the
transistor 160. Note that it is preferable that the transistor 160
do not have a sidewall insulating layer as illustrated in FIGS.
7A and 7B to realize high integration. On the other hand, in
the case where characteristics of the transistor 160 are empha-
sized, a sidewall insulating layer may be provided on a side
surface of the gate electrode 110 and the impurity regions 120
may include an impurity region having a different impurity
concentration in a region overlapping with the sidewall insu-
lating layer.

The transistor 162 includes an oxide semiconductor layer
144 provided over the insulating layer 128 and the like; a
source or drain electrode 1424 and a source or drain electrode
1425 which are electrically connected to the oxide semicon-
ductor layer 144; a gate insulating layer 146 covering the
oxide semiconductor layer 144, the source or drain electrode
142a, and the source or drain electrode 142b; and a gate
electrode 148a provided over the gate insulating layer 146 so
as to overlap with the oxide semiconductor layer 144.
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Here, it is preferable that the oxide semiconductor layer
144 used for the transistor 162 be highly purified by sufficient
removal of impurities such as hydrogen and sufficient supply
of oxygen. The hydrogen concentration of the oxide semi-
conductor layer 144 is 5x10'® atoms/cm? or lower, preferably
5x10'® atoms/cm?> or lower, further preferably 5x10'7 atoms/
cm® or lower, for example. Note that the hydrogen concen-
tration of the oxide semiconductor layer 144 is measured by
secondary ion mass spectrometry (SIMS). In the oxide semi-
conductor layer 144 which is highly purified by sufficiently
reducing the hydrogen concentration and in which defect
levels in the energy gap due to oxygen deficiency are reduced
by sufficiently supplying oxygen, the carrier concentration is
lower than 1x10'%/cm?, preferably lower than 1x10**/cm?,
further preferably lower than 1.45x10'%cm?. For example,
the off-state current (here, current per micrometer (um) of a
channel width) at room temperature (25° C.) is lower than or
equal to 100 zA (1 zA (zeptoampere) is 1x107>! A), prefer-
ably lower than or equal to 10 zA.. Thus, the transistor 162 can
have extremely excellent off-state current characteristics by
using the i-type (intrinsic) or substantially i-type oxide semi-
conductor layer 144.

Although the oxide semiconductor layer which is pro-
cessed into an island shape is used in the transistor 162 in
order to suppress leakage current generated between ele-
ments due to miniaturization, an oxide semiconductor layer
which is not processed into an island shape may be used. In
the case where the oxide semiconductor layer is not processed
into an island shape, contamination of the oxide semiconduc-
tor layer due to etching in the processing can be prevented.

The capacitor 164 includes the source or drain electrode
142a, the gate insulating layer 146, and a conductive layer
1485b. That is, the source or drain electrode 142a functions as
one electrode of the capacitor 164, and the conductive layer
1485 functions as the other electrode of the capacitor 164.
With such a structure, capacitance can be sufficiently secured.
Further, insulation between the source or drain electrode
142a and the conductive layer 1485 can be sufficiently
secured by stacking the oxide semiconductor layer 144 and
the gate insulating layer 146. In the case where a capacitor is
not needed, the capacitor 164 may be omitted.

Note that in the transistor 162 and the capacitor 164, end
portions of the source or drain electrode 1424 and the source
or drain electrode 1425 are preferably tapered. The end por-
tions of the source or drain electrode 1424 and the source or
drain electrode 1425 are tapered, so that coverage with the
gate insulating layer 146 can be improved and disconnection
can be prevented. Here, the taper angle is greater than or equal
to 30° and less than or equal to 60°, for example. Note that the
taper angle refers to an inclination angle formed with a side
surface and a bottom surface of a layer having a tapered shape
(e.g., the source or drain electrode 142a) when seen from a
direction perpendicular to a cross section (a plane perpen-
dicular to a surface of a substrate) of the layer.

An insulating layer 150 and an insulating layer 152 are
provided over the transistor 162 and the capacitor 164. An
electrode 154 is provided in an opening formed in the gate
insulating layer 146, the insulating layer 150, the insulating
layer 152, and the like, and a wiring 156 is formed over the
insulating layer 152 to be connected to the electrode 154.
Note that although the metal compound region 124, the
source or drain electrode 1425, and the wiring 156 are con-
nected to one another through the electrode 126 and the
electrode 154 in FIG. 7A, one embodiment of the present
invention is not limited this. For example, the source or drain
electrode 1426 may be directly in contact with the metal
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compound region 124. Alternatively, the wiring 156 may be
directly in contact with the source or drain electrode 1425.

In FIGS. 7A and 7B, the electrode 126 connecting the
metal compound region 124 to the source or drain electrode
1425 and the electrode 154 connecting the source or drain
electrode 1425 to the wiring 156 overlap with each other. In
other words, a region in which the electrode 126 functioning
as a source electrode or a drain electrode of the transistor 160
is in contact with the source or drain electrode 1425 of the
transistor 162 overlaps with a region in which the source or
drain electrode 1425 of the transistor 162 is in contact with the
electrode 154. With such a planar layout, an increase in the
element area due to a contact region can be suppressed. In
other words, the integration degree of the semiconductor
device can be increased.

In FIGS. 7A and 7B, the transistor 160 and the transistor
162 are provided so as to overlap at least partly with each
other. In addition, the transistor 162 and the capacitor 164 are
provided so as to overlap with the transistor 160. For example,
the conductive layer 1485 of the capacitor 164 is provided to
overlap at least partly with the gate electrode 110 of the
transistor 160. With such a planar layout, higher integration
can be achieved. For example, given that the minimum fea-
ture size is F, the area occupied by a memory cell can be 15F>
to 25F>.
<Method for Manufacturing Memory Cell Included in Semi-
conductor Device>

Next, an example of a method for manufacturing the
memory cell included in the semiconductor device will be
described. First, a method for manufacturing the transistor
160 in the lower portion will be described below with refer-
ence to FIGS. 8A to 8D and FIGS. 9A to 9D; then a method
for manufacturing the transistor 162 and the capacitor 164 in
the upper portion will be described with reference to FIGS.
10A to 10D and FIGS. 11A and 11B.
<Method for Manufacturing Transistor in Lower Portion>

A method for manufacturing the transistor 160 in the lower
portion will be described with reference to FIGS. 8A to 8D
and FIGS. 9A to 9D.

First, the substrate 100 including a semiconductor material
is prepared. As the substrate including a semiconductor mate-
rial, a single crystal semiconductor substrate of silicon, sili-
con carbide, or the like; a polycrystalline semiconductor sub-
strate; a compound semiconductor substrate of silicon
germanium or the like; an SOI substrate; or the like can be
used. Here, an example of using a single crystal silicon sub-
strate as the substrate 100 including a semiconductor material
is described. Note that in general, the term “SOI substrate”
means a substrate where a silicon semiconductor layer is
provided on an insulating surface. In this specification and the
like, the term “SOI substrate” also includes a substrate where
a semiconductor layer formed using a material other than
silicon is provided on an insulating surface. That is, a semi-
conductor layer included in the “SOI substrate” is not limited
to a silicon semiconductor layer. Moreover, the SOI substrate
can be a substrate having a structure in which a semiconduc-
tor layer is provided over an insulating substrate such as a
glass substrate, with an insulating layer positioned therebe-
tween.

As the substrate 100 including a semiconductor material, a
single crystal semiconductor substrate of silicon or the like is
preferably used because the speed of reading operation of the
semiconductor device can be increased.

Over the substrate 100, a protective layer 102 serving as a
mask for forming an element isolation insulating layer is
formed (see FIG. 8A). As the protective layer 102, for
example, an insulating layer formed using silicon oxide, sili-
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con nitride, silicon oxynitride, or the like can be used. Note
that before or after this step, an impurity element imparting
n-type conductivity or an impurity element imparting p-type
conductivity may be added to the substrate 100 in order to
control the threshold voltage of the transistor. In the case
where silicon is used as the semiconductor, phosphorus,
arsenic, or the like can be used as the impurity element
imparting n-type conductivity. Boron, aluminum, gallium, or
the like can be used as the impurity element imparting p-type
conductivity, for example.

Next, part of the substrate 100 in a region that is not covered
with the protective layer 102 (in an exposed region) is
removed by etching with the use of the protective layer 102 as
a mask. Thus, a semiconductor region 104 isolated from the
other semiconductor regions is formed (see FIG. 8B). As the
etching, dry etching is preferably performed, but wet etching
may be performed. An etching gas and an etchant can be
selected as appropriate in accordance with a material to be
etched.

Then, an insulating layer is formed so as to cover the
semiconductor region 104, and the insulating layer in a region
overlapping with the semiconductor region 104 is selectively
removed, so that the element isolation insulating layer 106 is
formed (see FIG. 8C). The insulating layer is formed using
silicon oxide, silicon nitride, silicon oxynitride, or the like. As
a method for removing the insulating layer, any of etching
treatment, polishing treatment such as chemical mechanical
polishing (CMP), and the like may be employed. Note that the
protective layer 102 is removed after the formation of the
semiconductor region 104 or after the formation of the ele-
ment isolation insulating layer 106.

Here, the CMP treatment is treatment for planarizing a
surface of an object to be processed by a combination of
chemical and mechanical actions with the use of the surface
as a reference. Specifically, the CMP treatment is a method in
which a polishing cloth is attached to a polishing stage, the
polishing stage and the object to be processed are each rotated
or swung while a slurry (an abrasive) is supplied between the
object to be processed and the polishing cloth, and the surface
of'the object to be processed is polished by chemical reaction
between the slurry and the surface of the object to be pro-
cessed and by action of mechanical polishing of the object to
be processed with the polishing cloth.

Note that as a method for forming the element isolation
insulating layer 106, a method in which an insulating region
is formed by introduction of oxygen, or the like can be used
instead of the method in which the insulating layer is selec-
tively removed.

Next, an insulating layer is formed over a surface of the
semiconductor region 104, and a layer including a conductive
material is formed over the insulating layer.

The insulating layer is to be a gate insulating layer later and
can be formed by performing heat treatment (such as thermal
oxidation treatment or thermal nitridation treatment) on the
surface of the semiconductor region 104, for example. Instead
of heat treatment, high-density plasma treatment may be
employed. The high-density plasma treatment can be per-
formed using, for example, a mixed gas of a rare gas such as
He, Ar, Kr, or Xe and any of oxygen, nitrogen oxide, ammo-
nia, nitrogen, hydrogen, and the like. Needless to say, the
insulating layer may be formed by a chemical vapor deposi-
tion (“CVD”) method, a sputtering method, or the like. The
insulating layer preferably has a single-layer structure or a
stacked structure including any of silicon oxide, silicon
oxynitride, silicon nitride, hafnium oxide, aluminum oxide,
tantalum oxide, yttrium oxide, hafnium silicate (HfSi,0,
(x>0, y>0)), hatnium silicate (HfS1,0,, (x>0, y>0)) to which
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nitrogen is added, hafnium aluminate (HfAL,O, (x>0, y>0))
to which nitrogen is added, and the like. The thickness of the
insulating layer can be, for example, greater than or equal to
1 nm and less than or equal to 100 nm, preferably greater than
or equal to 10 nm and less than or equal to 50 nm.

The layer including a conductive material can be formed
using a metal material such as aluminum, copper, titanium,
tantalum, or tungsten. The layer including a conductive mate-
rial may be formed using a semiconductor material such as
polycrystalline silicon. There is no particular limitation on the
formation method, and a variety of film formation methods
such as an evaporation method, a CVD method, a sputtering
method, or a spin coating method can be employed. Note that
an example in which the layer including a conductive material
is formed using a metal material is described in this embodi-
ment.

After that, the insulating layer and the layer including a
conductive material are selectively etched, so that the gate
insulating layer 108 and the gate electrode 110 are formed
(see FIG. 8C).

Then, phosphorus (P), arsenic (As), or the like is added to
the semiconductor region 104, so that the channel formation
region 116 and the impurity regions 120 are formed (see FI1G.
8D). Note that phosphorus or arsenic is added here in order to
form an n-channel transistor; an impurity element such as
boron (B) or aluminum (Al) may be added in the case of
forming a p-channel transistor. Here, the concentration of the
impurity added can be set as appropriate; the concentration is
preferably high when a semiconductor element is highly min-
iaturized.

Note that a sidewall insulating layer may be formed in the
periphery of the gate electrode 110, and an impurity region to
which an impurity element is added at a different concentra-
tion may be formed.

Then, a metal layer 122 is formed so as to cover the gate
electrode 110, the impurity regions 120, and the like (see FIG.
9A). A variety of film formation methods such as a vacuum
evaporation method, a sputtering method, or a spin coating
method can be employed for forming the metal layer 122. The
metal layer 122 is preferably formed using a metal material
that reacts with a semiconductor material included in the
semiconductor region 104 to form a low-resistance metal
compound. Examples of such a metal material include tita-
nium, tantalum, tungsten, nickel, cobalt, and platinum.

Next, heat treatment is performed so that the metal layer
122 reacts with the semiconductor material. Thus, the metal
compound regions 124 which are in contact with the impurity
regions 120 are formed (see FIG. 9A). Note that in the case
where the gate electrode 110 is formed using polycrystalline
silicon or the like, a metal compound region is also formed in
a region of the gate electrode 110 in contact with the metal
layer 122.

As the heat treatment, irradiation with a flash lamp can be
employed, for example. Needless to say, another heat treat-
ment method may be used; however, a method by which heat
treatment for an extremely short time can be achieved is
preferably used in order to improve the controllability of
chemical reaction in formation of the metal compound. Note
that the metal compound regions are formed by reaction
between the metal material and the semiconductor material
and have sufficiently high conductivity. The formation of the
metal compound regions can properly reduce the electric
resistance and improve element characteristics. Note that the
metal layer 122 is removed after the metal compound regions
124 are formed.

Next, the electrode 126 is formed in a region in contact with
part of the metal compound region 124 (see FIG. 9B). The
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electrode 126 is formed by, for example, forming a layer
including a conductive material and then selectively etching
the layer. The layer including a conductive material can be
formed using a metal material such as aluminum, copper,
titanium, tantalum, or tungsten. The layer including a con-
ductive material may be formed using a semiconductor mate-
rial such as polycrystalline silicon. There is no particular
limitation on the formation method, and a variety of film
formation methods such as an evaporation method, a CVD
method, a sputtering method, or a spin coating method can be
employed.

Then, the insulating layer 128 is formed so as to cover the
components formed in the above steps (see FIG. 9C). The
insulating layer 128 can be formed using a material including
an inorganic insulating material such as silicon oxide, silicon
oxynitride, silicon nitride, or aluminum oxide. In particular, a
material with a low dielectric constant (a low-k material) is
preferably used for the insulating layer 128, because capaci-
tance due to overlap of electrodes or wirings can be suffi-
ciently reduced. Note that the insulating layer 128 may be a
porous insulating layer formed using any of those materials.
Since a porous insulating layer has a lower dielectric constant
than a dense insulating layer, capacitance due to electrodes or
wirings can be further reduced. Further, the insulating layer
128 can be formed using an organic insulating material such
as polyimide or acrylic. Note that although the insulating
layer 128 has a single-layer structure here, one embodiment
of the present invention is not limited to this. The insulating
layer 128 may have a stacked structure including two or more
layers. In the case of a three-layer structure, for example, a
stacked structure of a silicon oxynitride layer, a silicon nitride
oxide layer, and a silicon oxide layer can be employed.

Note that the electrode 126 can be formed so as to fill an
opening which is formed in the insulating layer 128 to reach
the metal compound region 124 after the formation of the
insulating layer 128.

In that case, it is possible to use a method, for example, in
which a thin titanium film is formed in a region including the
opening by a physical vapor deposition (“PVD”’) method and
a thin titanium nitride film is formed by a CVD method, and
then a tungsten film is formed so as to be embedded in the
opening. Here, the titanium film formed by a PVD method has
a function of reducing an oxide film (such as a natural oxide
film) formed on a surface over which the titanium film is
formed, thereby lowering the contact resistance with a lower
electrode or the like (the metal compound region 124, here).
The titanium nitride film formed after the formation of the
titanium film has a barrier function of preventing diffusion of
the conductive material. A copper film may be formed by a
plating method after the formation of the barrier film of tita-
nium, titanium nitride, or the like.

Through the above steps, the transistor 160 is formed with
the use of the substrate 100 including a semiconductor mate-
rial (see FIG. 9C). A feature of the transistor 160 is that it can
operate at high speed. Thus, when the transistor is used as a
reading transistor, data can be read at high speed.

Then, as pretreatment for formation of the transistor 162
and the capacitor 164, CMP treatment is performed on the
insulating layer 128 so that top surfaces of the gate electrode
110 and the electrode 126 are exposed (see FIG. 9D). As the
treatment for exposing the top surfaces of the gate electrode
110 and the electrode 126, etching treatment or the like can
also be employed instead of CMP treatment; in order to
improve characteristics of the transistor 162, the surface of
the insulating layer 128 is preferably made as flat as possible.

Note that before or after the above steps, a step for forming
an additional electrode, wiring, semiconductor layer, or insu-



US 9,123,432 B2

31

lating layer may be performed. For example, a multilayer
wiring structure in which an insulating layer and a conductive
layer are stacked is employed as a wiring structure, whereby
a highly integrated semiconductor device can be realized.
<Method for Manufacturing Transistor in Upper Portion>

Next, a method for manufacturing the transistor 162 and
the capacitor 164 in the upper portion will be described with
reference to FIGS. 10A to 10D and FIGS. 11A and 11B.

First, an oxide semiconductor layer is formed over the gate
electrode 110, the electrode 126, the insulating layer 128, and
the like and is processed, so that the oxide semiconductor
layer 144 is formed (see FIG. 10A). Note that an insulating
layer functioning as a base may be provided over the gate
electrode 110, the electrode 126, and the insulating layer 128
before the oxide semiconductor layer is formed. The insulat-
ing layer can be formed by a PVD method such as a sputtering
method, a CVD method such as a plasma CVD method, or the
like.

An oxide semiconductor to be used preferably includes at
least indium (In) or zinc (Zn). In particular, In and Zn are
preferably included. As a stabilizer for reducing fluctuation in
electric characteristics of a transistor including the oxide
semiconductor, gallium (Ga) is preferably additionally
included. Tin (Sn) is preferably included as a stabilizer.
Hafnium (Hf) is preferably included as a stabilizer. Alumi-
num (Al) is preferably included as a stabilizer.

As another stabilizer, one or plural kinds of lanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
included.

As a material for the oxide semiconductor layer, a four-
component metal oxide such as an In—Sn—Ga—Z7n—0-
based material, an In—Hf—Ga—Zn—0-based material, an
In—Al—Ga—Zn—0O-based material, an In—Sn—Al—
Zn—0O-based material, an In—Sn—H{—Zn—O-based
material, or In—Hf—Al—Zn—O-based material; a three-
component metal oxide such as an In—Ga—7n—O-based
material, an In—Sn—Z7n—0-based material, an In—Al—
Zn—0O-based material, a Sn—Ga—Zn—O-based material,
an Al—Ga—Zn—O-based material, a Sn—Al—Zn—0O-
based material, an In—Hf—Zn—O-based material, an
In—La—Z7n—0-based material, an In—Ce—Zn—O-based
material, an In—Pr—Zn—O-based material, an In—Nd—
Zn—0O-based material, an In—Sm—Z7n—O-based material,
an In—FEu—Zn—O0-based material, an In—Gd—Zn—O-
based material, an In—Tb—Zn—O-based material, an
In—Dy—7n—0-based material, an In—Ho—7n—O-based
material, an In—FEr—Zn—O-based material, an In—Tm—
Zn—0O-based material, an In—Yb—Zn—0O-based material,
or an In—Lu—7n—0-based material; a two-component
metal oxide such as an In—Zn—O-based material, a
Sn—Zn—0-based material, an Al-—Zn—O-based material,
a Zn—Mg—O-based material, a Sn—Mg—O-based mate-
rial, an In—Mg—O-based material, or an In—Ga—O-based
material; a single-component metal oxide such as an In—O-
based material, a Sn—O-based material, or a Zn—O-based
material; or the like can be used. In addition, the above mate-
rials may include SiO,. Here, for example, an In—Ga—7Zn—
O-based material means an oxide film including indium (In),
gallium (Ga), and zinc (Zn), and there is no particular limi-
tation on the composition ratio. Further, the In—Ga—Zn—
O-based material may include an element other than In, Ga,
and Zn.

As the oxide semiconductor, a material expressed as the
chemical formula InMO,(Zn0O),, (m>0, m is not an integer)
may be used. Here, M represents one or more metal elements
selected from Ga, Al, Fe, Mn, and Co. For example, M can be
Ga, Ga and Al, Ga and Mn, Ga and Co, or the like. As the
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oxide semiconductor, a material expressed as In;SnO4(Zn0),
(n>0, n is an integer) may be used.

For example, an In—Ga—Zn—0-based material with an
atomic ratio of In:Ga:Zn=1:1:1 (=1/3:1/3:1/3) or In:Ga:
7Zn=2:2:1(=2/5:2/5:1/5), or any of oxides whose composition
is in the neighborhood ofthe above compositions can be used.
Alternatively, an In—Sn—7n—O-based material with an
atomic ratio of In:Sn:Zn=1:1:1 (=1/3:1/3:1/3), In:Sn:Zn=2:
1:3 (=1/3:1/6:1/2), or In:Sn:Zn=2:1:5 (=1/4:1/8:5/8), or any
of oxides whose composition is in the neighborhood of the
above compositions may be used.

However, the composition is not limited to those described
above, and a material having an appropriate composition may
be used in accordance with necessary semiconductor charac-
teristics (such as mobility, threshold voltage, and fluctuation).
In order to obtain necessary semiconductor characteristics, it
is preferable that the carrier concentration, the impurity con-
centration, the defect density, the atomic ratio of a metal
element to oxygen, the interatomic distance, the density, and
the like be set to be appropriate.

For example, with the In—Sn—7n—0-based material, a
high mobility can be relatively easily obtained. However, the
mobility can be increased by reducing the defect density in
the bulk also in the case of using the In—Ga—7n—O-based
material.

Note that for example, the expression “the composition of
an oxide including In, Ga, and Zn at the atomic ratio, In:Ga:
Zn=a:b:c (a+b+c=1), is in the neighborhood of the composi-
tion of an oxide including In, Ga, and Zn at the atomic ratio,
In:Ga:Zn=A:B:C (A+B+C=1)"” means that a, b, and c satisfy
the following relation: (a—A)*+(b-B)*+(c-C)*<r?, and r may
be 0.05, for example. The same applies to other oxides.

The oxide semiconductor may be either single crystal or
non-single-crystal. In the latter case, the oxide semiconductor
may be either amorphous or polycrystalline. Further, the
oxide semiconductor may have either an amorphous structure
including a portion having crystallinity or a non-amorphous
structure.

In an oxide semiconductor in an amorphous state, a flat
surface can be obtained relatively easily, so that when a tran-
sistor is manufactured with the use of the oxide semiconduc-
tor, interface scattering can be reduced, and relatively high
mobility can be obtained relatively easily.

In an oxide semiconductor having crystallinity, defects in
the bulk can be further reduced, and mobility higher than that
of an amorphous oxide semiconductor can be obtained by
increasing the surface planarity. In order to improve the sur-
face planarity, the oxide semiconductor is preferably formed
over a flat surface. Specifically, the oxide semiconductor may
be formed over a surface with an average surface roughness
(Ra) of 1 nm or less, preferably 0.3 nm or less, further pref-
erably 0.1 nm or less.

Note that, Ra is obtained by expanding, into three dimen-
sions, center line average roughness that is defined by JIS B
0601 so as to be applied to a surface. Ra can be expressed as
an “average value of the absolute values of deviations from a
reference surface to a designated surface” and is defined by
the following formula.

1 ™ [FORMULA 1]
Ra=—
So 2

Y
f £, y) - Zoldxdy
Y2

In the above formula, S, represents the area of a measure-
ment surface (a rectangular region which is defined by four
points represented by coordinates (X,,y, ), (X;,¥5), (X,,¥, ), and
(X5,¥,)), and Z, represents the average height of the measure-
ment surface. Ra can be measured using an atomic force
microscope (AFM).
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In the case where an In—Ga—Zn—O-based material is
used as the oxide semiconductor, a target having a composi-
tion ratio of In,0;:Ga,05:ZnO=1:x:y [molar ratio] (x is 0 or
more, y is greater than or equal to 0.5 and less than or equal to
5) is preferably used. For example, a target having a compo-
sition ratio of In,0;:Ga,0;:Zn0=1:1:2 [molar ratio] or the
like can be used. It is also possible to use a target having a
composition ratio of In,0;:Ga,0;:Zn0=1:1:1 [molar ratio]
or a target having a composition ratio of In,0;:Ga,0;:
7n0=1:1:4 [molar ratio].

In the case where an In—Zn—O-based material is used as
the oxide semiconductor, the composition ratio of a target
used is In:Zn=50:1 to 1:2 in an atomic ratio (In,O5:Zn0=25:1
to 1:4 in a molar ratio), preferably In:Zn=20:1 to 1:1 in an
atomic ratio (In,O5:Zn0=10:1 to 1:2 in a molar ratio), further
preferably In:Zn=15:1 to 1.5:1 in an atomic ratio (In,O;:
Zn0=15:2 to 3:4 in a molar ratio). For example, in a target
used for formation of an In—Z7n—O-based oxide semicon-
ductor which has an atomic ratio of In:Zn:0—X:Y:Z, the
relation 7Z>1.5X+Y is satisfied.

An In—Sn—7n—O0-based material can be referred to as
ITZO, and an oxide target having an atomic ratio of In:Sn:
Zn=1:2:2,In:Sn:Zn=2:1:3, In:Sn:Zn=1:1:1, In:Sn:Zn=20:45:
35, or the like is used for deposition of ITZO.

The thickness of the oxide semiconductor layer is prefer-
ably greater than or equal to 3 nm and less than or equal to 30
nm. This is because the transistor might be normally on when
the oxide semiconductor layer is too thick (e.g., the thickness
is 50 nm or more).

The oxide semiconductor layer is preferably formed by a
method with which impurities such as hydrogen, water, a
hydroxyl group, or hydride do not easily enter the oxide
semiconductor layer. For example, a sputtering method can
be used.

In this embodiment, the oxide semiconductor layer is
formed by a sputtering method using a target for deposition of
an In—Ga—Zn—O-based oxide semiconductor.

The fill rate of the target for deposition of the oxide semi-
conductor is higher than or equal to 90% and lower than or
equal to 100%, preferably higher than or equal to 95% and
lower than or equal to 99.9%. With the use of the target for
deposition of the oxide semiconductor having high fill rate, a
dense oxide semiconductor layer can be formed.

The deposition atmosphere may be a rare gas (typically
argon) atmosphere, an oxygen atmosphere, or a mixed atmo-
sphere of a rare gas and oxygen. An atmosphere of a high-
purity gas from which impurities such as hydrogen, water, a
hydroxyl group, or hydride are sufficiently removed is pref-
erable, in order to prevent hydrogen, water, a hydroxyl group,
hydride, or the like from entering the oxide semiconductor
layer.

For example, the oxide semiconductor layer can be formed
as follows.

First, the substrate is held in a deposition chamber which is
kept under reduced pressure, and then is heated so that the
substrate temperature reaches a temperature higher than 200°
C. and lower than or equal to 500° C., preferably higher than
300° C. and lower than or equal to 500° C., further preferably
higher than or equal to 350° C. and lower than or equal to 450°
C.

Then, a high-purity gas from which impurities such as
hydrogen, water, a hydroxyl group, or hydride are sufficiently
removed is introduced while moisture remaining in the depo-
sition chamber is removed, and the oxide semiconductor
layer is formed over the substrate with the use of the above
target. In order to remove moisture remaining in the deposi-
tion chamber, an entrapment vacuum pump such as a cry-
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opump, an ion pump, or a titanium sublimation pump is
preferably used as an evacuation unit. Further, the evacuation
unit may be a turbo pump provided with a cold trap. In the
deposition chamber which is evacuated with the cryopump,
for example, impurities such as hydrogen, water, a hydroxyl
group, or hydride (preferably, also a compound including a
carbon atom) or the like are removed, whereby the concen-
tration of impurities such as hydrogen, water, a hydroxyl
group, or hydride in the oxide semiconductor layer formed in
the deposition chamber can be reduced.

In the case where the substrate temperature is low (e.g.,
100° C. or lower) during deposition, a substance including a
hydrogen atom might enter the oxide semiconductor; thus, it
is preferable that the substrate be heated at the above tem-
perature. When the oxide semiconductor layer is formed with
the substrate heated at the temperature, the substrate tempera-
ture is high, so that hydrogen bonds are cut by heat and the
substance including a hydrogen atom is less likely to be taken
into the oxide semiconductor layer. Therefore, the oxide
semiconductor layer is formed with the substrate heated at the
above temperature, whereby the concentration of impurities
such as hydrogen, water, a hydroxyl group, or hydride in the
oxide semiconductor layer can be sufficiently reduced. In
addition, damage to the oxide semiconductor layer due to
sputtering can be reduced.

An example of deposition conditions is as follows: the
distance between the substrate and the target is 60 mm, the
pressure is 0.4 Pa, the direct current (DC) power is 0.5 kW, the
substrate temperature is 400° C., and the deposition atmo-
sphere is an oxygen atmosphere (the proportion of oxygen
flow is 100%). Note that a pulsed direct current power source
is preferable because powder substances (also referred to as
particles or dust) generated in deposition can be reduced and
the distribution of the film thicknesses can be small.

Note that before the oxide semiconductor layer is formed
by a sputtering method, powder substances (also referred to
as particles or dust) attached to a surface over which the oxide
semiconductor layer is formed are preferably removed by
reverse sputtering in which an argon gas is introduced and
plasma is generated. The reverse sputtering refers to a method
in which voltage is applied to a substrate to generate plasma
in the vicinity of the substrate so that a surface on the substrate
side is modified. Note that instead of argon, a gas such as
nitrogen, helium, or oxygen may be used.

The oxide semiconductor layer can be processed by being
etched after a mask having a desired shape is formed over the
oxide semiconductor layer. The mask can be formed by a
method such as photolithography. Alternatively, the mask
may be formed by a method such as an ink jet method. For the
etching of the oxide semiconductor layer, either dry etching
or wet etching may be employed. Needless to say, both of
them may be employed in combination.

After that, heat treatment (first heat treatment) may be
performed on the oxide semiconductor layer 144. The heat
treatment further removes the substance including a hydro-
gen atom in the oxide semiconductor layer 144; thus, the
structure of the oxide semiconductor layer 144 can be
improved and defect levels in the energy gap can be reduced.
The heat treatment is performed in an inert gas atmosphere at
a temperature higher than or equal to 250° C. and lower than
or equal to 700° C., preferably higher than or equal to 450° C.
and lower than or equal to 600° C. The temperature of the heat
treatment is preferably lower than the strain point of the
substrate. The inert gas atmosphere is preferably an atmo-
sphere which includes nitrogen or a rare gas (such as helium,
neon, or argon) as a main component and does not include
water, hydrogen, or the like. For example, the purity of nitro-
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gen or a rare gas such as helium, neon, or argon introduced
into a heat treatment apparatus is greater than or equal to 6N
(99.9999%), preferably greater than or equal to 7N
(99.99999%) (i.e., the impurity concentration is 1 ppm or
lower, preferably 0.1 ppm or lower).

The heat treatment can be performed in such a manner that,
for example, an object to be heated is introduced into an
electric furnace in which a resistance heating element or the
like is used and heated at 450° C. for one hour in a nitrogen
atmosphere. The oxide semiconductor layer 144 is not
exposed to the air during the heat treatment so that entry of
water or hydrogen can be prevented.

The impurities are reduced by the heat treatment, whereby
an i-type (intrinsic) or substantially i-type oxide semiconduc-
tor layer is formed. Accordingly, a transistor having
extremely excellent characteristics can be realized.

The above heat treatment can be referred to as dehydration
treatment, dehydrogenation treatment, or the like because of
its effect of removing hydrogen, water, or the like. The heat
treatment can be performed at the timing, for example, before
the oxide semiconductor layer is processed into an island
shape or after the gate insulating layer is formed. Such dehy-
dration treatment or dehydrogenation treatment may be per-
formed once or plural times.

Next, a conductive layer for forming a source electrode and
adrain electrode (including a wiring formed in the same layer
as the source electrode and the drain electrode) is formed over
the oxide semiconductor layer 144 and the like and is pro-
cessed, so that the source or drain electrode 142a and the
source or drain electrode 1425 are formed (see FIG. 10B).

The conductive layer can be formed by a PVD method or a
CVD method. As a material for the conductive layer, an
element selected from aluminum, chromium, copper, tanta-
lum, titanium, molybdenum, and tungsten; an alloy including
any of these elements as a component; or the like can be used.
A material including one of manganese, magnesium, zirco-
nium, beryllium, neodymium, and scandium or a combina-
tion of any of these elements may be used.

The conductive layer may have a single-layer structure or a
stacked structure including two or more layers. For example,
the conductive layer can have a single-layer structure of a
titanium film or a titanium nitride film, a single-layer struc-
ture of an aluminum film including silicon, a two-layer struc-
ture in which a titanium film is stacked over an aluminum
film, a two-layer structure in which a titanium film is stacked
over a titanium nitride film, a three-layer structure in which a
titanium film, an aluminum film, and a titanium film are
stacked, or the like. Note that in the case where the conductive
layer has a single-layer structure of a titanium film or a tita-
nium nitride film, there is an advantage in that the conductive
layer is easily processed into the source or drain electrode
142a and the source or drain electrode 1425 having tapered
shapes.

Alternatively, the conductive layer may be formed using a
conductive metal oxide. As the conductive metal oxide,
indium oxide (In,0;), tin oxide (SnO,), zinc oxide (ZnO),
indium oxide-tin oxide (In,O;—SnO,, which is abbreviated
to ITO in some cases), indium oxide-zinc oxide (In,O;—
Zn0), or any of these metal oxide materials including silicon
or silicon oxide can be used.

The conductive layer is preferably etched so that end por-
tions of the source or drain electrode 1424 and the source or
drain electrode 1425 are tapered. Here, the taper angle is
preferably greater than or equal to 30° and less than or equal
to 60°, for example. The etching is performed so that the end
portions of the source or drain electrode 1424 and the source
or drain electrode 1425 are tapered, whereby coverage with
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the gate insulating layer 146 formed later can be improved
and disconnection can be prevented.

The channel length (L) of the transistor in the upper portion
is determined by the distance between a lower edge portion of
the source or drain electrode 1424a and a lower edge portion of
the source or drain electrode 1425. Note that for light expo-
sure for forming a mask used in the case where a transistor
with a channel length (L) of less than 25 nm is formed, it is
preferable to use extreme ultraviolet light whose wavelength
is as short as several nanometers to several tens of nanom-
eters. In the light exposure with extreme ultraviolet light, the
resolution is high and the focus depth is large. For these
reasons, the channel length (L) of the transistor to be formed
later can be greater than or equal to 10 nm and less than or
equal to 1000 nm (1 um), and the operation speed of a circuit
can be increased. Moreover, miniaturization can lead to lower
power consumption of the semiconductor device.

Next, the gate insulating layer 146 is formed so as to cover
the source or drain electrode 142q and the source or drain
electrode 14256 and to be in contact with part of the oxide
semiconductor layer 144 (see FIG. 10C).

The gate insulating layer 146 can be formed by a CVD
method, a sputtering method, or the like. The gate insulating
layer 146 is formed using a material such as silicon oxide,
silicon nitride, or silicon oxynitride. Alternatively, the gate
insulating layer 146 can be formed using a material including
a Group 13 element and oxygen. As the material including a
Group 13 element and oxygen, for example, gallium oxide,
aluminum oxide, aluminum gallium oxide, or the like can be
used. Furthermore, the gate insulating layer 146 may be
formed so as to include tantalum oxide, hafnium oxide,
yttrium oxide, hafnium silicate (HfSi,0, (x>0, y>0)),
hafnium silicate (HfSi,0, (x>0, y>0)) to which nitrogen is
added, hafnium aluminate (HfALO, (x>0, y>0)) to which
nitrogen is added, or the like. The gate insulating layer 146
may have a single-layer structure or a stacked structure
including a combination of any of the above materials. There
is no particular limitation on the thickness; however, in the
case where the semiconductor device is miniaturized, the
thickness is preferably small for securing operation of the
transistor. For example, in the case where silicon oxide is
used, the thickness can be greater than or equal to 1 nm and
less than or equal to 100 nm, preferably greater than or equal
to 10 nm and less than or equal to 50 nm.

The gate insulating layer 146 is preferably formed by a
method with which impurities such as hydrogen or water do
not enter the gate insulating layer 146. This is because, when
impurities such as hydrogen or water are included in the gate
insulating layer 146, the impurities such as hydrogen or water
enter the oxide semiconductor layer or oxygen in the oxide
semiconductor layer is extracted by the impurities such as
hydrogen or water, so that a back channel of the oxide semi-
conductor layer might have lower resistance (have n-type
conductivity) and a parasitic channel might be formed. There-
fore, the gate insulating layer 146 is preferably formed so as
to exclude impurities such as hydrogen or water as much as
possible. For example, the gate insulating layer 146 is pref-
erably formed by a sputtering method. A high-purity gas from
which impurities such as hydrogen or water are removed is
preferable as a sputtering gas used for film formation.

Many oxide semiconductor materials that can be used for
the oxide semiconductor layer 144 include a Group 13 ele-
ment. Therefore, in the case where the gate insulating layer
146 in contact with the oxide semiconductor layer 144 is
formed using a material including a Group 13 element and
oxygen, the state of the interface between the oxide semicon-
ductor layer 144 and the gate insulating layer 146 can be kept
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favorable. This is because a material including a Group 13
element and oxygen is compatible with an oxide semiconduc-
tor material. For example, when the oxide semiconductor
layer 144 and the gate insulating layer 146 including gallium
oxide are provided in contact with each other, pileup of
hydrogen at the interface between the oxide semiconductor
layer 144 and the gate insulating layer 146 can be reduced.
Aluminum oxide has a property of not easily transmitting
water. Thus, itis preferable to use aluminum oxide for the gate
insulating layer 146 in terms of preventing entry of water into
the oxide semiconductor layer 144.

When the gate insulating layer is thin as described above, a
problem of gate leakage due to a tunneling effect or the like is
caused. In order to solve the problem of gate leakage, it is
preferable that the gate insulating layer 146 be formed using
a high dielectric constant (high-k) material such as hafnium
oxide, tantalum oxide, yttrium oxide, hatnium silicate (Hf-
81,0, (x>0, y>0)), hafnium silicate (HfS1,0, (x>0, y>0)) to
which nitrogen is added, or hafnium aluminate (HfAL,O,
(x>0, y>0)) to which nitrogen is added. By using a high-k
material for the gate insulating layer 146, the thickness can be
increased to suppress gate leakage with electric characteris-
tics ensured. Note that a stacked structure of a film including
a high-k material and a film including any of silicon oxide,
silicon nitride, silicon oxynitride, silicon nitride oxide, alu-
minum oxide, and the like may be employed.

In addition, the gate insulating layer 146 preferably
includes oxygen more than that in the stoichiometric compo-
sition ratio. For example, when gallium oxide is used for the
gate insulating layer 146, the stoichiometric composition
ratio can be expressed as Ga,0;,, (0<a<1). When alumi-
num oxide is used, the stoichiometric composition ratio can
be expressed as Al,O,,, (0<o<1). When gallium aluminum
oxide is used, the stoichiometric composition ratio can be
expressed as Ga, Al,_ O;,, (0<x<2, 0<a<1).

Note that oxygen doping treatment may be performed after
the oxide semiconductor layer is formed, after the oxide
semiconductor layer 144 is formed, or the gate insulating
layer 146 is formed. “Oxygen doping” means that oxygen
(which includes at least one of an oxygen radical, an oxygen
atom, and an oxygen ion) is added to a bulk. Note that the term
“bulk” is used in order to clarify that oxygen is added not only
to a surface of a thin film but also to the inside of the thin film.
In addition, “oxygen doping” includes “oxygen plasma dop-
ing” in which oxygen that is made to be plasma is added to a
bulk. By the oxygen doping treatment, oxygen can be
included in the oxide semiconductor layer or the gate insu-
lating layer more than that in the stoichiometric composition
ratio.

The oxygen doping treatment is preferably performed by
an inductively coupled plasma (ICP) method with the use of
oxygen plasma which is excited by a microwave (with a
frequency of 2.45 GHz, for example).

After the gate insulating layer 146 is formed, second heat
treatment is preferably performed in an inert gas atmosphere
or an oxygen atmosphere. The temperature of the heat treat-
ment is higher than or equal to 200° C. and lower than or equal
to 450° C., preferably higher than or equal to 250° C. and
lower than or equal to 350° C. For example, the heat treatment
may be performed at 250° C. for one hour in a nitrogen
atmosphere. The second heat treatment can reduce fluctuation
in electric characteristics of the transistor. Moreover, in the
case where the gate insulating layer 146 includes oxygen,
oxygen is supplied to the oxide semiconductor layer 144 to
compensate for oxygen deficiency in the oxide semiconduc-
tor layer 144, whereby an i-type (intrinsic) or substantially
i-type oxide semiconductor layer can be formed.
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Note that in this embodiment, the second heat treatment is
performed after the gate insulating layer 146 is formed; the
timing of the second heat treatment is not limited this. For
example, the second heat treatment may be performed after
the gate electrode is formed. Alternatively, the first heat treat-
ment and the second heat treatment may be successively
performed, the first heat treatment may also serve as the
second heat treatment, or the second heat treatment may also
serve as the first heat treatment.

As described above, at least one of the first heat treatment
and the second heat treatment is employed, whereby the sub-
stance including a hydrogen atom can be excluded as much as
possible and the oxide semiconductor layer 144 can be highly
purified.

Next, a conductive layer for forming a gate electrode (in-
cluding a wiring formed in the same layer as the gate elec-
trode) is formed and is processed, so that the gate electrode
148a and the conductive layer 1485 are formed (see FIG.
10D).

The gate electrode 148a and the conductive layer 1485 can
be formed using a metal material such as molybdenum, tita-
nium, tantalum, tungsten, aluminum, copper, neodymium, or
scandium, or an alloy material including any of these mate-
rials as a main component. Note that the gate electrode 148a
and the conductive layer 1485 may have a single-layer struc-
ture or a stacked structure.

Then, the insulating layer 150 and the insulating layer 152
are formed over the gate insulating layer 146, the gate elec-
trode 148a, and the conductive layer 1485 (see FIG. 11A).
The insulating layer 150 and the insulating layer 152 can be
formed by a PVD method, a CVD method, or the like. The
insulating layer 150 and the insulating layer 152 can be
formed using a material including an inorganic insulating
material such as silicon oxide, silicon oxynitride, silicon
nitride, hafnium oxide, gallium oxide, aluminum oxide, or
gallium aluminum oxide. Note that the insulating layer 150
and the insulating layer 152 are preferably formed using a low
dielectric constant material or to have a structure with a low
dielectric constant (such as a porous structure). This is
because by reducing the dielectric constant of the insulating
layer 150 and the insulating layer 152, capacitance between
wirings, electrodes, or the like can be reduced; thus, operation
at higher speed can be achieved. Note that although the insu-
lating layer 150 and the insulating layer 152 each have a
single-layer structure in this embodiment, one embodiment
of the present invention is not limited to this. The insulating
layer 150 and the insulating layer 152 may each have a
stacked structure including two or more layers.

Then, an opening 153 reaching the source or drain elec-
trode 1425 is formed in the gate insulating layer 146, the
insulating layer 150, and the insulating layer 152. After that,
the electrode 154 which is in contact with the source or drain
electrode 1425 is formed in the opening 153, and the wiring
156 which is in contact with the electrode 154 is formed over
the insulating layer 152 (see FIG. 11B). Note that the opening
is formed by selective etching using a mask or the like.

The electrode 154 can be formed in such a manner that, for
example, a conductive layer is formed by a PVD method, a
CVD method, or the like in a region including the opening
153 and then part of the conductive layer is removed by
etching treatment, CMP treatment, or the like.

Specifically, it is possible to use a method, for example, in
which a thin titanium film is formed in a region including the
opening 153 by a PVD method and a thin titanium nitride film
is formed by a CVD method, and then a tungsten film is
formed so as to be embedded in the opening 153. Here, the
titanium film formed by a PVD method has a function of
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reducing an oxide film (such as a natural oxide film) formed
on a surface over which the titanium film is formed, thereby
lowering the contact resistance with a lower electrode or the
like (the source or drain electrode 1425, here). The titanium
nitride film formed after the formation of the titanium film has
a barrier function of preventing diffusion of the conductive
material. A copper film may be formed by a plating method
after the formation of the barrier film of titanium, titanium
nitride, or the like.

Note that in the case where the electrode 154 is formed by
removing part of the conductive layer, processing is prefer-
ably performed so that the surface is planarized. For example,
when a thin titanium film or a thin titanium nitride film is
formed in a region including the opening 153 and then a
tungsten film is formed so as to be embedded in the opening
153, excessive tungsten, titanium, titanium nitride, or the like
can be removed and the planarity of the surface can be
improved by subsequent CMP treatment. The surface includ-
ing the electrode 154 is planarized in such a manner, whereby
an electrode, a wiring, an insulating layer, a semiconductor
layer, or the like can be favorably formed in a subsequent step.

The wiring 156 is formed by forming a conductive layer by
a PVD method such as a sputtering method or a CVD method
such as a plasma CVD method, and then by patterning the
conductive layer. As a material for the conductive layer, an
element selected from aluminum, chromium, copper, tanta-
lum, titanium, molybdenum, and tungsten; an alloy including
any of these elements as a component; or the like can be used.
A material including one of manganese, magnesium, zirco-
nium, beryllium, neodymium, and scandium or a combina-
tion of any of these elements may be used. The details are
similar to those of the source or drain electrode 1424, the
source or drain electrode 1425, and the like.

Through the above steps, the semiconductor device includ-
ing the transistor 160, the transistor 162, and the capacitor 164
is completed (see FIG. 11B).

Oxide conductive layers functioning as a source region and
a drain region may be provided as buffer layers between the
oxide semiconductor layer 144 and the source or drain elec-
trodes 142q and 1425b. FIGS. 27A and 27B illustrate a tran-
sistor 441 and a transistor 442, respectively, where oxide
conductive layers are provided in the transistor 162 in FIG.
11B.

In each of the transistors 441 and 442 in FIGS. 27A and
278, an oxide conductive layer 404a and an oxide conductive
layer 4045 which function as a source region and a drain
region are formed between the oxide semiconductor layer
144 and the source or drain electrodes 1424 and 1425b. The
shapes of the oxide conductive layers 404a and 4045 differ
between the transistors 441 and 442 in FIGS. 27A and 27B
owing to the manufacturing process.

In the transistor 441 in FIG. 27A, a stack of an oxide
semiconductor layer and an oxide conductive film is formed
and processed at a time in a photolithography step, so that the
oxide semiconductor layer 144 having an island shape and an
oxide conductive film having an island shape are formed. The
source or drain electrode 1424 and the source or drain elec-
trode 1425 are formed over the oxide semiconductor layer
and the oxide conductive film, and then the island-shaped
oxide conductive film is etched using the source or drain
electrode 1424 and the source or drain electrode 1425 as
masks, so that the oxide conductive layer 404a and the oxide
conductive layer 4045 which serve as a source region and a
drain region are formed.

In the transistor 442 in FIG. 27B, an oxide conductive film
is formed over the oxide semiconductor layer 144, a metal
conductive film is formed over the oxide conductive film, and
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the oxide conductive film and the metal conductive film are
processed at a time in a photolithography step; thus, the oxide
conductive layer 404a and the oxide conductive layer b which
serve as a source region and a drain region, the source or drain
electrode 142a, and the source or drain electrode 1425 are
formed.

In order to prevent excessive etching of the oxide semicon-
ductor layer in etching treatment for processing the oxide
conductive film, etching conditions (such as the kind of
etchant, the concentration, and the etching time) are adjusted
as appropriate.

As a method for forming the oxide conductive layer 404a
and the oxide conductive layer 4045, a sputtering method, a
vacuum evaporation method (such as an electron beam
evaporation method), an arc discharge ion plating method, or
a spray method is used. As a material for the oxide conductive
layers, zinc oxide, zinc aluminum oxide, zinc aluminum
oxynitride, zinc gallium oxide, indium tin oxide including
silicon oxide (ITSO), or the like can be used. In addition, the
above materials may include silicon oxide.

By providing the oxide conductive layer as the source
region and the drain region between the oxide semiconductor
layer 144 and the source or drain electrodes 142a and 1425,
the resistance of the source region and the drain region can be
reduced and the transistor 441 and the transistor 442 can
operate at high speed.

With the structure including the oxide semiconductor layer
144, the oxide conductive layer 4045, and the source or drain
electrode 1425, the withstand voltage of the transistor 441
and the transistor 442 can be improved.

In a manufacturing process of a transistor including an
oxide semiconductor layer, high-temperature treatment is not
needed and thus the transistor can be manufactured without
affecting another device or wiring, such as a transistor in the
lower portion. Further, the manufacturing process of the tran-
sistor including an oxide semiconductor layer has a smaller
number of steps than a manufacturing process of a transistor
including a semiconductor material (e.g., silicon) other than
an oxide semiconductor.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

Embodiment 5

In this embodiment, a circuit configuration and operation
of a semiconductor device according to one embodiment of
the disclosed invention will be described with reference to
FIG.12,FIG. 13, F1G. 14, FI1G. 15, FIG. 16, F1G. 17, F1IG. 18,
FIG.19,FIG. 20, FIG. 21, FIG. 22, FIG. 23,FIG. 24, and FIG.
25. Note that in some circuit diagrams, “OS” is written beside
a transistor in order to indicate that the transistor includes an
oxide semiconductor.

(Driver Circuit)

FIG. 12 is a block diagram of a semiconductor device.

The driver circuit 201 includes the data buffer 212, the
writing circuit 211, the verifying circuit 213, and the reading
circuit 214, and functions to perform writing, reading, and
verifying of data. The driver circuit 201 is provided for each
column.

The potential generating circuit 203 is electrically con-
nected to ixj (i and j are each an integer of 2 or more) write
potential supply lines (corresponding to the first signal lines
221 in FIG. 1). Each of the write potential supply lines V(1,1)
to V(i,j) is electrically connected to writing circuits 211(1) to
211(») in the driver circuit 201 and supplies a plurality of
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write potentials to the writing circuits 211(1) to 211(x). Note
that 1 represents the number of levels (value) of data that can
be stored in the memory cell 202, and j represents the maxi-
mum number of times of verifying.

The number of the memory cells 202 is n (rows)xm (col-
umns), and the memory cells 202 are electrically connected to
the driver circuits 201 through the bit lines BL(1) to BL(n)
(corresponding to the second signal line 222 or the third
signal line 223 in FIG. 1) in respective rows. The memory
cells 202 store potentials supplied to the bit lines BL(1) to
BL(n) when writing is performed, and output stored data to
the bit lines BL(1) to BL(n) when reading is performed. Note
that FIG. 12 illustrates an example in which the bit lines
BL(1)to BL(n) serve as both write signal lines and read signal
lines; however, the write signal lines and the read signal lines
may be separately provided.

Data buffers 212(1) to 212(») are electrically connected to
the writing circuits 211(1) to 211(n), verifying circuits 213(1)
to 213(»), and reading circuits 214(1) to 214(»). Further, the
data buffers 212(1) to 212(n) are electrically connected to
data input/output lines /O(1) to I/O(k) (k is an integer of 2 or
more), address selection signal lines CA(1) to CA(n), a write
data transfer signal line TW, and a read data transfer signal
line TR. As for the data buffers 212(1) to 212(»), the data
buffer 212 which is selected by the address selection signal
lines CA(1) to CA(n) is electrically connected to the data
input/output lines I/O(1) to I/O(k) when writing is performed;
thus, data input through the data input/output lines [/O(1) to
1/0(k) is held in any of the data buffers 212(1) to 212(n).
Then, when a write data transfer signal is input through the
write data transfer signal line TW, the data held in the data
buffers 212(1) to 212(z) is output to the writing circuits
211(1) to 211(») and the verifying circuits 213(1) to 213(n).
When a read data transfer signal is input through the read data
transfer signal line TR in reading, data output from the read-
ing circuits 214(1) to 214(%) is held in the data buffers 212(1)
to 212(n). Then, any of the data buffers 212(1) to 212(»),
which is selected by the address selection signal lines CA(1)
to CA(n), is electrically connected to the data input/output
lines /O(1) to /O(k), and the data held in the data buffers
212(1) to 212(x) is output to the data input/output lines I/O(1)
to I/O(k). Note that k represents the amount of information of
write data; k can be 2 in the case where four levels of data can
be stored in one memory cell, and k can be 3 in the case where
eight levels of data can be stored in one memory cell.

The writing circuits 211(1) to 211(») are electrically con-
nected to the potential generating circuit 203 through the
write potential supply lines V(1,1) to V(i,j). Further, the writ-
ing circuits 211(1) to 211(z) are electrically connected to the
data buffers 212(1) to 212(n), the verifying circuits 213(1) to
213(n), and the memory cells 202(1,1) to 202(m, 7). A signal
line SP, a signal line RST, and a write signal line WRITE are
electrically connected to the writing circuits 211(1) to 211(z).
The writing circuits 211(1) to 211(r) select one of the write
potential supply lines V(1,1) to V(i,j) in accordance with data
input from the data buffers 212 and verify signals VERI(1) to
VERI(#) input from the verifying circuits 213, and electri-
cally connect the one of the write potential supply lines V(1,1)
to V(i,j) to the bit lines BL(1) to BL(n).

The verifying circuits 213(1) to 213(r) are electrically
connected to the writing circuits 211(1) to 211(»), the data
buffers 212(1) to 212(»), and the reading circuits 214(1) to
214(n). Further, the verifying circuits 213(1) to 213(») are
electrically connected to a verify output signal line TVE. The
verifying circuits 213(1) to 213(») compare write data input
from the data buffers 212 with read data input from the
reading circuits 214. When a verify output signal is input to
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the verify output signal line TVE, the verifying circuits 213
(1) to 213(») output comparison results of data to the writing
circuits 211.

The reading circuits 214(1) to 214(») are electrically con-
nected to the data buffers 212(1) to 212(n), the verifying
circuits 213(1) to 213(»), and the memory cells 202(1,1) to
202(m,n). Further, the reading circuits 214(1) to 214(») are
electrically connected to a signal line PRE, a signal line TRD,
asignal line PULSE, a signal line RST2, and a read signal line
READ. The reading circuits 214(1) to 214(») read data from
the memory cells 202(1,1) to 202(m,7) when a read signal is
input through the read signal line READ. When a pulse is
input to the signal line TRD, the reading circuits 214(1) to
214(n) output the read data to the data buffers 212(1) to
212(n) and the verifying circuits 213(1) to 213(n).

A decoder 230 is electrically connected to an address sig-
nal line CAddr and the data buffers 212(1) to 212(») (n is an
integer of 2 or more) in the driver circuits 201 and selects the
driver circuit 201 in which writing and reading of data are to
be performed, in accordance with an address signal CAddr.

Specific circuit configurations and operation of the data
buffer 212, the potential generating circuit 203, the writing
circuit 211, the verifying circuit 213, the reading circuit 214,
and the memory cell 202 will be described later.

(Data Buffer)

FIG. 13 illustrates an example of a circuit of the data buffer
212 in FIG. 12. FIG. 14 is a timing chart of input of write data
to the data buffer 212.

First, a configuration of the data buffer 212 will be
described with reference to FIG. 13. The data input/output
lines I/O(1) to I/O(k) are electrically connected to respective
drain electrodes of transistors 1501. The address selection
signal line CA(x) (x is an integer greater than or equalto 1 and
less than or equal to n) is electrically connected to gate elec-
trodes of the transistors 1501. Source electrodes of the tran-
sistors 1501 are electrically connected to respective one ter-
minals of latch circuits LAT1505(x,1) to LAT1505(x,%). The
other terminals of the latch circuits LAT1505(x,1) to
LAT1505(x, %) are electrically connected to respective drain
electrodes of transistors 1503 and transistors 1504. Each gate
electrode of the transistors 1503 is electrically connected to
the write data transfer signal line TW. Source electrodes of the
transistors 1503 are electrically connected to respective sig-
nal lines WDA(x,1) to WDA(x,k). Each gate electrode of the
transistors 1504 is electrically connected to the read data
transfer signal line TR. Source electrodes of the transistors
1504 are electrically connected to respective signal lines
RDA(x,1) to RDA(x,k).

Next, input operation of write data to the data buffer 212
will be described with reference to FIG. 14. First, input of
write data is performed in a period 301 as follows. Given write
data is sequentially transmitted through the data input/output
lines I/O(1) to 1/O(k). In synchronization with the timing of
transmitting the data, a high potential VH (e.g., 5 V) is sup-
plied to the address selection signal line CA(x) to turn on the
transistors 1501, so that data of the data input/output lines
1/0(1) to 1/O(k) is held in the latch circuits LAT1505(x,1) to
LAT1505(x,%). Then, a low potential VL (e.g., 0 V) is supplied
to the address selection signal line CA(x) to which the high
potential VH has been supplied and the transistors 1501 are
turned off. After data is held by the above-described proce-
dure in all the latch circuits LAT1505 in 1 to n rows or data is
held by the above-described procedure in the latch circuits
LAT1505 in rows on which writing needs to be performed, the
input given write data is transferred to the writing circuit 211
in a period 302 as follows. The high potential VH is supplied
to the write data transfer signal line TW to turn on the tran-
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sistors 1503, so that the given data held in the latch circuits
LAT1505(1,1) to LAT1505(m, k) is transmitted to signal lines
WDA(1,1) to WDA(m,k). Note that a shaded portion in the
drawing indicates given data.
(Potential Generating Circuit)

FIG. 15 illustrates an example of a configuration of the
potential generating circuit 203 in FIG. 12. The potential
generating circuit 203 has a function of generating a potential
supplied to the bit line BL(n) of the memory cell 202.

First, a configuration of the potential generating circuit 203
will be described with reference to FIG. 15. The potential
generating circuit 203 has the following configuration. A
power supply potential Vdd (e.g., 5 V) is electrically con-
nected to one terminal of a resistor 1701. The other terminal
of the resistor 1701 is electrically connected to one terminal
of a resistor 1711. The other terminal of the resistor 1711 is
electrically connected to one terminal of a resistor 1721. The
other terminal of the resistor 1721 is grounded (or supplied
with a low potential). Input terminals of a voltage follower
1702 and a voltage follower 1712 are electrically connected
between the resistors. A resistor 1703 and a resistor 1705 are
electrically connected between an output terminal of the volt-
age follower 1702 and a ground potential (or a low potential).
A resistor 1713 and a resistor 1715 are electrically connected
between an output terminal of the voltage follower 1712 and
a ground potential (or a low potential). A voltage follower
1704 and a voltage follower 1706 are electrically connected
between the output terminal of the voltage follower 1702 and
the resistors 1703 and 1705. A voltage follower 1714 and a
voltage follower 1716 are electrically connected between the
output terminal of the voltage follower 1712 and the resistors
1713 and 1715. Output terminals of the voltage follower
1704, the voltage follower 1706, the voltage follower 1714,
and the voltage follower 1716 are electrically connected to
the write potential supply lines V(1,1) to V(i,j).

Next, operation of the potential generating circuit 203 will
be described. When the power supply potential Vdd is sup-
plied, the ratio of the resistance of the resistor electrically
connected between the power supply potential Vdd and the
voltage follower 1702 or the voltage follower 1712 with
respect to the sum of the resistance of the resistor 1701, the
resistor 1711, and the resistor 1721 is input through voltage
drop to the input terminals of the voltage follower 1702 and
the voltage follower 1712. Then, output potentials of the
voltage follower 1702 and the voltage follower 1712 also
become the same as the input potentials of the voltage fol-
lower 1702 and the voltage follower 1712. The output poten-
tials of the voltage follower 1702 and the voltage follower
1712 are input to the voltage follower 1704 and the voltage
follower 1714, respectively. Output potentials of the voltage
follower 1704 and the voltage follower 1714 are input to the
write potential supply lines as V(i,j) and V(1,), respectively,
which are equal to the input potentials of the voltage follower
1704 and the voltage follower 1714. Meanwhile, the resistor
1703 and the resistor 1705 are electrically connected in series
between the output terminal of the voltage follower 1702 and
the ground potential (or the low potential), and the resistor
1713 and the resistor 1715 are electrically connected in series
between the output terminal of the voltage follower 1712 and
the ground potential (or the low potential). In addition, an
input terminal of the voltage follower 1706 is electrically
connected between the resistor 1703 and the resistor 1705.
Therefore, as an input potential of the voltage follower 1706,
a potential which is voltage-dropped from the output poten-
tial of'the voltage follower 1702 by an amount corresponding
to the ratio of the resistance of the resistor electrically con-
nected between the output terminal of the voltage follower
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1702 and the voltage follower 1706 with respect to the sum of
the resistance of the resistor 1703 and the resistor 1705 is
input. Then, a potential equal to the input potential of the
voltage follower 1706 is output as V(1,/) from the output
terminal of the voltage follower 1706 to the write potential
supply line. In a similar manner, a potential equal to an input
potential of the voltage follower 1716 is output as V(1,1) from
the output terminal of the voltage follower 1716 to the write
potential supply line.

By using one write potential supply line only when data “0”
is written (when the potential written into the memory cell
202 is 0 V), the number of write potential supply lines con-
nected to the potential generating circuit 203 can be (i-1)xj+
1. Accordingly, the number of write potential supply lines is
reduced, and thus the area occupied by the memory cell 202
can be increased owing to a reduction in the number of wir-
ings. By using one write potential supply line only when data
“1” is written (when the maximum potential is written into the
memory cell 202), an effect similar to that described above
can be obtained. Furthermore, by using one write potential
supply line when data “0” and data “i” are written, the number
of write potential supply lines connected to the potential
generating circuit 203 can be (i-2)xj+2; accordingly, the area
occupied by the memory cell 202 can be further increased
owing to a reduction in the number of wirings.

The potential generating circuit 203 is not limited to the
circuit in FIG. 15 and can be formed to be a circuit including
aplurality of different potential supply lines with the use of a
known circuit.

(Writing Circuit)

FIG. 16 illustrates an example of a configuration of the
writing circuit 211 in FIG. 12. FIG. 17 is a timing chart
showing operation ofthe writing circuit 211 in the case where
data “0” is written, write data does not agree with read data as
a result of verify reading, and then writing and verity reading
are performed j-1 times. FIG. 18 is a timing chart showing
operation of the writing circuit 211 in the case where data “i”
is written, write data does not agree with read data as a result
of verity reading, and then writing and verify reading are
performed j-1 times. The writing circuit 211 has a function of
electrically connecting one of a plurality of write potential
supply lines to a bit line to supply a write potential to the bit
line.

First, a configuration of the writing circuit 211 will be
described with reference to FIG. 16. The signal lines WDA
(x,1) to WDA(x,k) which are electrically connected to the
data buffer 212 are electrically connected to input terminals
of a decoder 810(x). Signal lines WDB(x,1) to WDB(x,i)
connected to the decoder 810(x) are electrically connected to
respective drain electrodes of transistors 801. Each gate elec-
trode of the transistors 801 is electrically connected to the
signal line SP. Source electrodes of the transistors 801 are
electrically connected to respective shift registers 811(x,1) to
811(x,7). The signal line RST and a verify signal line VERI(x)
are eclectically connected to the shift registers 811(x,1) to
811(x,7) (x is an integer greater than or equal to 1 and less than
orequal ton). Further, signal lines WDC(x,1,1) to WDC(x,1,j)
connected to the shift registers 811 are electrically connected
to respective gate electrodes of transistors 802, transistors
803, transistors 804, and transistors 805. Drain electrodes of
the transistors 802, the transistors 803, the transistors 804,
and the transistors 805 are electrically connected to the write
potential supply lines V(1,1) to V(i,j). Source electrodes of
the transistors 802, the transistors 803, the transistors 804,
and the transistors 805 are electrically connected to a drain
electrode of a transistor 806. A gate electrode of the transistor
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806 is electrically connected to the write signal line WRITE.
A source electrode of the transistor 806 is electrically con-
nected to the bit line BL(x).

Next, operation of the writing circuit 211 will be described
with reference to FIG. 17 and FIG. 18. First, the high potential
VH is supplied to the signal line RST to reset the shift regis-
ters 811(x,1) to 811(x,7), so that the low potential VL is output
to all of the signal lines WDC(x,1,1) to WDC(x,1,j). Accord-
ingly, the transistors 802, the transistors 803, the transistors
804, and the transistors 805 are all turned off. The low poten-
tial VL is also supplied to the write signal line WRITE to turn
off the transistor 806, so that a signal line WBL(x) is brought
into a floating state. After that, the low potential VL is sup-
plied to the signal line RST and reset operation of the shift
registers 811 is completed.

When the reset operation of the shift registers 811 is com-
pleted, first writing is performed in a period 311 as follows.
The high potential VH is supplied to the write data transfer
signal line TW, and write data output from the data buffer 212
is input to the decoder 810 through the signal lines WDA(x,1)
to WDA(x.k). The decoder 810 decodes the write data and
outputs the results to the signal lines WDB(x,1) to WDB(x,1).
Table 1 shows a relation between input and output of the
decoder 810.

TABLE 1

Input Signal of Decoder OQutput Signal of Decoder

WDA WDA WDA WDB WDB WDB

Write Data x 1)  (x2) k) x1) x2) (x, 1)
Data “0” 0 0 . 0 1 0 Ce 0
Data “1” 1 0 . 0 0 1 Ce 0
Data “#” 1 1 . 1 0 0 Ce 1
x: integer greater than or equal to 1 and less than or equal to n

1:VH
0:VL

For example, in the case where data “0” is written into an
eight-valued (i=8, k=3) memory cell, the low potential VL is
supplied to the signal lines WDA(x,1) to WDA(x,3) and input
to the decoder 810. As output results of the decoder 810, the
high potential VH is output to the signal line WDB(x,1) and
the low potential VL is output to the signal lines WDB(x,2) to
WDB(x,8). In FIG. 17, for example, the low potential VL is
supplied to the signal lines WDA(x,1) to WDA(x,k) and input
to the decoder 810. As output results of the decoder 810, the
high potential VH is output to the signal line WDB(x,1) and
the low potential VL is output to the signal lines WDB(x,2) to
WDB(X,1).

The high potential VH is supplied to the write data transfer
signal line TW and the signal line SP at the same time, so that
the transistors 801 are turned on and output results of the
decoder 810 are input to the shift registers 811(x,1) to 811(x,#)
through the signal lines WDB(x,1) to WDB(x,i). When the
output results of the decoder 810 are input to the shift registers
811, only the shift register 811 to which the high potential VH
is input operates. When the shift register 811 operates, the
high potential VH is supplied to the signal line WDC(x,y,1) (y
is an integer greater than or equal to 1 and less than or equal
to 1) with the lowest output (i.e., a signal line supplied with the
lowest potential among output potentials), and the low poten-
tial VL is supplied to all the signal lines WDC to which output
potentials of the shift registers 811 are input but the signal line
WDC(x,y,1). Then, among the transistors 802, the transistors
803, the transistors 804, and the transistors 805, a transistor
whose gate electrode is electrically connected to the signal
line WDC(x,y,1) is turned on, so that a potential of the write
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potential supply line V(y,1) which is electrically connected to
a drain electrode of the transistor in an on state is supplied to
the signal line WBL(x). In FIG. 17, for example, the high
potential VH is supplied to the signal line WDC(x,1,1), and
the low potential VL is output to the other signal lines WDC.
Then, the transistor 802 whose gate electrode is electrically
connected to the signal line WDC(x,1,1) is turned on, so that
a potential of the write potential supply line V(1,1) which is
electrically connected to the drain electrode of the transistor
802 in an on state is supplied to the signal line WBL(x).

After the write potential is supplied to the signal line WBL
(x), the signal lines WDB(x,1) to WDB(x,1) to which output
potentials of the decoder 810 are input and input terminals of
the shift registers 811(x,1) to 811(x,7) are brought into an
insulating state (also referred to as a non-conduction state) by
supply of the low potential VL to the signal line SP, whereas
the output of the shift registers 811 is kept in the state at the
start of operation. In synchronization with the timing of sup-
plying the low potential VL to the signal line SP, the high
potential VH is supplied to the write signal line WRITE to
turn on the transistor 806, so that a potential of the signal line
WBL(x) is supplied to the bit line BL(x) and writing is per-
formed on the memory cell 202. When the writing is com-
pleted, the potential of the write signal line WRITE is
changed to VL to turn off the transistor 806, so that the bit line
BL(x) is brought into an electrically floating state (also
referred to as a floating state).

When the bit line BL(x) is in a floating state, first verify
reading is performed in a period 312 (verify reading is also
referred to as verifying). When data to be written into the
memory cell 202 (i.e., data held in the data buffer 212) agrees
with verify-read data as a result of verify reading, the verify
signal VERI(x) keeps the low potential VL, potentials of the
signal lines WDC(x,1,1) to WDC(x,i,j) to which output
potentials of the shift registers 811(x,1) to 811(x,7) are input
are kept, and the write potential V(y,1) is kept as the potential
of'the signal line WBL(x). The potential V(y,1) is kept as the
potential of the signal line WBL(x) as described above; in
other words, the potential V(y,1) is determined as the write
potential or the potential V(y,1) is employed as the write
potential.

On the other hand, when data to be written into the memory
cell 202 (i.e., data held in the data buffer) does not agree with
verify-read data, the high potential VH is applied as the verify
signal VERI(x). When the high potential VH is input to the
shift registers 811(x,1) to 811(x,) as the verify signal VERI
(x), only the shift register 811 which outputs the high poten-
tial VH to the lowest signal line WDC(x,y,1) outputs the high
potential VH to another signal line such as the signal line
WDC(x,y,2) which is one-level higher than the signal line
WDC(x,y,1) (i.e., a signal line supplied with the second low-
est potential among output potentials). The low potential VL.
is output to all the signal lines WDC(x,1,1) to WDC(x,1,j) but
the signal line WDC(x,y,2). Then, among the transistors 802,
the transistors 803, the transistors 804, and the transistors
805, a transistor whose gate electrode is electrically con-
nected to the signal line WDC(x,y,2) is turned on, so that a
potential of the write potential supply line V(y,2) which is
electrically connected to a drain electrode of the transistor in
an on state is supplied to the signal line WBL(X). At this time,
the write potential supply line V(y,2) has a higher potential
than the write potential supply line V(y,1). For example, the
high potential VH is supplied to the signal line WDC(x,1,2),
and the low potential VL is output to the other signal lines
WDC. Then, a transistor whose gate electrode is electrically
connected to the signal line WDC(x,1,2) is turned on, so that
a potential of the write potential supply line V(1,2) which is
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electrically connected to a drain electrode of the transistor in
an on state is supplied to the signal line WBL(x).

After that, the potential of the verify signal VERI(x) is
changed to the low potential VL, whereas the output of the
shift registers 811 is kept without change. Then, second writ-
ing is performed in a period 313. That is, the high potential
VH is supplied to the write signal line WRITE to turn on the
transistor 806, so that a potential of the signal line WBL(x) is
supplied to the bit line BL(x) and writing is performed again
on the memory cell 202. A shaded portion in the drawing
indicates that the timing at which the potential of the bit line
BL(x) is raised to the high potential VH varies depending on
read data.

The above writing and verify reading are each performed j
times at a maximum. By repeatedly changing potentials sup-
plied to the bit line BL(x) until data to be written agrees with
a result of verify reading, the write potentials can be deter-
mined and variation in the threshold voltages of the memory
cells 202 can be reduced. FIG. 17 and FIG. 18 each show an
example in which the above writing and verify reading are
performed j times. That is, j-th writing is performed in a
period 314 and j-th verify reading is performed in a period
315.

Data “1” shown in FIG. 18 can be written in a manner
similar to thatin the case of writing data “0” shown in FIG. 17.
(Memory Cell)

FIG. 19 illustrates the memory cells 202(1,1) to 202(m,n)
in FIG. 12. FIG. 20 is a timing chart of the memory cells 202
in writing.

First, a configuration of the memory cell 202 will be
described. In the memory cell 202(1,1), the bit line BL.(1) is
electrically connected to a drain electrode of a transistor
1101, a gate electrode of the transistor 1101 is electrically
connected to a word line WL_OS(1), a source electrode of the
transistor 1101 and a gate electrode of a transistor 1103 are
electrically connected to one electrode of a capacitor 1104,
and the other electrode of the capacitor 1104 is connected to
a word line WL(1). Further, the bit line BL(1) is electrically
connected to a source electrode of the transistor 1103, and the
transistor 1103 is electrically connected to the signal line SL..
One memory cell 202 has the above configuration.

Next, writing operation will be described with reference to
FIG. 20. When data is written into the memory cells 202, the
potential of the write signal line WRITE is raised to the high
potential VH and a write potential is supplied to the bit lines
BL(1) to BL(n). The potential of the write signal line WRITE
and the potential of any of word lines WL_OS(1) to WL_OS
(m) are raised to the high potential VH at the same time. For
example, when the potential of the word line WL_OS(1) is
raised to the high potential VH, the high potential VH is
applied to the gate electrode of the transistor 1101 and gate
electrodes of all transistors in the first row which are electri-
cally connected to the word line WL_OS(1), so that each of
the transistors is turned on. Then, charge with a potential
equal to the write potential supplied to the bit line BL(1) is
stored in a floating node 1102 in the memory cell 202. After
that, the potential of the write signal line WRITE and the
potential of the word line WL_OS(1) are lowered to the
potential VL, so that the transistor 1101 and all the transistors
in the first row whose gate electrodes are electrically con-
nected to the word line WI,_OS(1) are turned off and writing
is completed. The transistor 1101 has a characteristic of
extremely low off-state current, which facilitates holding of
charge stored in the floating node 1102 and reading of stored
data. Note that a shaded portion in the drawing indicates given
data.
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The high potential VH is supplied to the signal line SL in
reading and verify reading, and the low potential VL is sup-
plied to the signal line SL in operation other than reading and
verify reading.

(Reading Circuit)

FIG. 21 illustrates an example of a configuration of the
reading circuit 214 in FIG. 12. FIG. 22 is a timing chart in
reading and verify reading. The reading circuit 214 has a
function of reading data written into the memory cell 202.

First, a configuration of the reading circuit 214 will be
described with reference to FIG. 21. The reading circuit 214
has the following configuration. The low potential VL is
applied to a drain electrode of a transistor 901. A gate elec-
trode of the transistor 901 is electrically connected to the
signal line PRE. A source electrode of the transistor 901 and
adrain electrode of a transistor 902 are electrically connected
to an input terminal of an inverter. An output terminal of the
inverter is connected to a signal line RBL(x). The signal line
RBL(x) is electrically connected to each gate electrode of
transistors 903. Further, a gate electrode of the transistor 902
is electrically connected to the read signal line READ, and a
source electrode of the transistor 902 is electrically connected
to the bit line BL(x). Drain electrodes of the transistors 903
are electrically connected to respective signal lines COUT(x,
1) to COUT(x,k). The signal lines COUT(x,1) to COUT(x,k)
are electrically connected to output terminals of a counter
911(x). Input terminals of the counter 911(x) are electrically
connected to the signal line PULSE and the signal line RST2.
Source electrodes of the transistors 903 are electrically con-
nected to respective input terminals of latch circuits 912(x,1)
to 912(x, k). Output terminals of the latch circuits 912(x,1) to
912(x,k) are electrically connected to respective drain elec-
trodes of transistors 904. Each gate electrode of the transistors
904 is electrically connected to the signal line TRD. Source
electrodes of the transistors 904 and drain electrodes of tran-
sistors 905 are electrically connected to the respective signal
lines RDA(x,1) to RDA(x,k). Each gate electrode of the tran-
sistors 905 is electrically connected to a signal line /TRD.
Each source electrode of the transistors 905 is grounded (or
supplied with a low potential).

Next, operation of the reading circuit 214 will be described
with reference to FIG. 22. When reading or verify reading is
performed, the potential of the read signal line READ and the
potential of the signal line PRE are raised to the high potential
VH, so that the transistor 901 and the transistor 902 are turned
on. Then, the potential of the bit line BL(x) becomes equal to
the low potential VL. At this time, the potential of the signal
line RBL(x) is raised to the high potential VH, so that the high
potential VH is applied to the gate electrodes of the transistors
903 and the transistors 903 are turned on. At the same time,
the high potential VH is also supplied to the signal line ST, and
the word lines WL(1) to WL(m) of the memory cells 202 in
FIG. 19, so that the potentials of the signal line SLL and the
word lines WL(1) to WL(m) are raised to the high potential
VH. Note that in FIG. 22, the vertical axis of WL(1) is
expanded in order to emphasize the change in potential; how-
ever, the maximum potential supplied to WL(1) is equal to the
high potential VH.

After that, the potential of the signal line PRE is lowered to
the low potential VL, so that the transistor 901 is turned off
and the bit line BL(x) is brought into a floating state while
keeping the low potential VL. Here, given that the threshold
voltage of the memory cell 202 in the case where data “0” is
written into the memory cell 202isV;, ;, (<0V) and that the
threshold voltages of the memory cell 202 in the case where
data “1” to 1" is written into the memory cell 202 are V,;, ,,
to'V,, ., respectively, the amount of charge stored in the gate
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electrode ofthe transistor 1103 is larger in the case where data
“1”to “1” is written than in the case where data “0” is written.
Accordingly, the threshold voltages V,, ;, to V,, ;, of the
memory cell 202 are lower than the threshold voltage V,;, ;,
of'the memory cell 202. Then, the low potential VL is applied
to the drain electrode of the transistor 1103 in the memory cell
202, the high potential VH is applied to the source electrode
of'thetransistor 1103, and the high potential VH is supplied to
the word line WL(z) (z is an integer greater than or equal to 1
and less than or equal to m) of the memory cell 202 on which
reading is performed; consequently, the memory cell 202 is
turned off and the bit line BL(x) keeps the low potential VL.

When a pulse is input to the signal line RST2 in FIG. 22, the
counter 911 is reset, the low potential VL is output to each of
the signal lines COUT(x,1) to COUT(x,k), and data of the
signal lines COUT(x,1) to COUT(x,k) is held in the respec-
tive latch circuits 912(x,1) to 912(x, k). At the same time as fall
of'the pulse of the signal line RST2, the potential supplied to
the word line WL(z) of the memory cell 202 on which reading
is performed is lowered from the high potential VH to a
potential at which data “0” can be read, that is, the sum of the
high potential VHand V,, ;, (V,, 10,<0V) and whether data
“0” or any of data “1” to “i”” is written into the memory cell
202 is determined. In the case where data “0” is written, the
transistor 1103 in the memory cell 202 is turned on; as a
result, the potential of the bit line BL.(x) is raised from the low
potential VL to the high potential VH, the potential of the
signal line RBL(x) is lowered to the low potential VL, the low
potential VL is applied to each of the gate electrodes of the
transistors 903, and the transistors 903 are turned off. On the
other hand, in the case where data other than data “0” is
written, the transistor 1103 in the memory cell 202 is turned
off; as a result, the bit line BL(x) keeps the low potential VL,
the signal line RBL(x) keeps the high potential VH, and the
transistors 903 remain in an on state.

Afterthat, apulseis inputto the signal line PULSE and data
in the counter 911(x) is increased by “1”; at the same time,
data of the signal lines COUT(x,1) to COUT(x,k) is also
changed. At this time, in the case where the transistors 903 are
in an off state, that is, in the case where data “0” is written, the
data of the signal lines COUT(x,1) to COUT(x,k) is not input
to the latch circuits 912(x,1) to 912(x, k) and the latch circuits
912(x,1) to 912(x,k) remain in the state of data “0”. On the
other hand, in the case where the transistors 903 are in an on
state, that is, in the case where data other than data “0” is
written, the data of the signal lines COUT(x,1) to COUT(x,k)
is input to the latch circuits 912(x,1) to 912(x,%) and the state
of'the latch circuits 912(x,1) to 912(x, k) is changed to the state
of'data “1”. At the same time as input of a pulse to the signal
line PULSE, the potential supplied to the word line WL(z) of
the memory cell 202 on which reading is performed is low-
ered from the sum of the high potential VH and V,;, ;,to a
potential at which data “1” can be read, that is, the sum of the
high potential VH and V,, ,; (V, 1<V, 70<0 V) and
whether either of data “0” and “1” or any of data “2”’to “i” is
written into the memory cell 202 is determined.

By repeating the above-described procedure, data read
from the memory cells 202 is held in the latch circuits 912(x,
1) to 912(x, k). After whether the data is any of “0” to “i=1" or
“1” is determined, the potential of the read signal line READ
is lowered to the low potential VL, the transistor 902 is turned
off, and the potential of the signal line SL of the memory cell
202 is also lowered to the low potential VL. The potential of
the signal line TRD is raised to the high potential VH, so that
the transistors 904 are each turned on. Then, the read data held
in the latch circuits 912(x,1) to 912(x, k) is output to the signal
lines RDA(x,1) to RDA(x,k) through the signal lines RDB(x,
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1) to RDB(x,k), respectively. The potential of the signal line
TRD is lowered to the low potential VL after output of the
read data, so that the transistors 904 are each turned off.
Meanwhile, the potential of the signal line /TRD is raised to
the high potential VH, so that the transistors 905 are each
turned on and the signal lines RDA(x,1) to RDA(x,k) are each
grounded (or supplied with a low potential).

(Verifying Circuit)

FIG. 23 illustrates an example of a configuration of the
verifying circuit 213. FIG. 24 and FIG. 25 are timing charts
showing operation of the verifying circuit 213. The verifying
circuit 213 functions to compare write data with data of verify
reading and to judge whether writing is normally completed
or not.

First, a configuration of the verifying circuit 213 will be
described with reference to FIG. 23. The verifying circuit 213
has the following configuration. Pairs of the signal lines WDA
(x,1)to WDA(x,k) and the signal lines RDA(x,1) to RDA(x,k)
are electrically connected to respective input terminals of
two-input one-output XOR circuits 1001. Output terminals of
the two-input one-output XOR circuits 1001 are electrically
connected to input terminals of a k-input one-output OR
circuit 1002. An output terminal of the k-input one-output OR
circuit 1002 is electrically connected to a drain electrode of a
transistor 1003. A gate electrode of the transistor 1003 is
electrically connected to the signal line TVE. A source elec-
trode of'the transistor 1003 and a drain electrode of a transis-
tor 1004 are electrically connected to the signal line VERI(X).
A gate electrode of the transistor 1004 is electrically con-
nected to a signal line /TVE. A source electrode of the tran-
sistor 1004 is grounded (or supplied with a low potential).

Next, operation of the verifying circuit 213 will be
described with reference to FIG. 24 and FIG. 25. When writ-
ing is performed, the potential of the write data transfer signal
line TW is raised to the high potential VH and write data is
input to the signal lines WDA(x,1) to WDA(x.k). Then, writ-
ing is performed on the memory cells 202, and verify reading
is performed after completion of writing. When verify read-
ing is performed, a pulse is input to the signal line TRD ofthe
reading circuit 214 and data of verify reading is input to the
signal lines RDA(x,1) to RDA(x.k). When the write data is
input to the signal lines WDA(x,1) to WDA(x,k) and the data
of verify reading is input to the signal lines RDA(x,1) to
RDA(x,k), the low potential VL is output as an output poten-
tial of the XOR circuit 1001 in the case where the potentials
of'the signal line WDA(x,1) and the signal line RDA(x,1) are
both the low potential VL or the high potential VH. On the
other hand, in the case where one of input potentials of the
signal line WDA(x,1) and the signal line RDA(x,1) is the low
potential VL and the other thereof is the high potential VH,
the high potential VH is output as an output potential of the
XOR circuit 1001. In a manner similar to that described
above, the potentials of the signal lines WDA(X,2) to WDA
(x,k) and the signal lines RDA(x,2) to RDA(x.k) are com-
pared with each other, respectively, by the XOR circuits 1001,
and the low potential VL or the high potential VH is output as
output potentials of the XOR circuits 1001.

Each output of the XOR circuits 1001 is input to the OR
circuit 1002. In the case where the high potential VH is output
as at least one of the output potentials of the XOR circuits
1001, the high potential VH is output as an output potential of
the OR circuit 1002. On the other hand, in the case where all
the output potentials of the XOR circuits 1001 are the low
potential VL, the low potential VL is output as an output
potential of the OR circuit 1002. Then, the potential of the
signal line TVE is raised to the high potential VH, so that the
transistor 1003 is turned on. In the case where the output of



US 9,123,432 B2

51

the OR circuit 1002 is the high potential VH (i.e., in the case
of Verify NG), the potential of the signal line VERI(X) is
raised to the high potential VH as shown in FIG. 25. In the
case where the output of the OR circuit 1002 is the low
potential VL (i.e., in the case of Verify OK), the potential of
the signal line VERI(x) is the low potential VL as shown in
FIG. 24. In a period during which write data and data of verify
reading are not compared with each other, the high potential
VH is supplied to the signal line /TVE to turn on the transistor
1004. As a result, the signal line VERI(X) is grounded (or a
supplied with a low potential). Note that a shaded portion in
FIG. 24 indicates given data, and WDA(x)[1:k] and RDA(x)
[1:k] have the same data. In addition, a shaded portion in FIG.
25 indicates given data, and WDA(x)[1:k] and RDA(x)[1:k]
have different data.

Note that the verifying circuit 213 can be formed using
known circuits in combination without being limited to the
circuit in FIG. 23. As the veritying circuit 213, a circuit
configured to compare write data with data of verify reading
and output a pulse to the signal line VERI(x) in the case where
the write data and the data of verify reading are different may
be used.

In the semiconductor device according to the disclosed
invention, even when the threshold voltage of a transistor
included in a memory cell fluctuates, variation (distribution
width) in the threshold voltages of a plurality of memory cells
after writing can be reduced, whereby the operation voltage
of the semiconductor device can be reduced. A memory can
be multi-valued without increasing the operation voltage and
the area of a memory cell, so that the storage capacity per unit
area of the semiconductor device can be increased. A semi-
conductor device in which operation such as writing, holding,
or reading can be surely performed can be provided.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

Embodiment 6

In this embodiment, a circuit configuration and operation
of a semiconductor device according to one embodiment of
the disclosed invention will be described with reference to
FIG. 26.

FIG. 26 illustrates an example of a word line driver circuit
for driving the memory cells 202 illustrated in FIG. 19. The
word line driver circuit has a function of controlling poten-
tials of the word lines WL(1) to WL(m) and the word lines
WL_0OS(1) to WL_OS(m) illustrated in FIG. 19 in writing,
reading, and verify reading.

First, a configuration of the word line driver circuit will be
described with reference to FIG. 26. The word line driver
circuit has the following configuration. A signal line RAddris
electrically connected to an input terminal of a decoder 1312.
Signal lines RA(1) to RA(m) are electrically connected to
respective output terminals of the decoder 1312. The signal
lines RA(1) to RA(m), drain electrodes of transistors 1301,
and drain electrodes of transistors 1310 are electrically con-
nected to respective drain electrodes of transistors 1303. Each
gate electrode of the transistors 1301 is electrically connected
to the write signal line WRITE. Source electrodes of the
transistors 1301, drain electrodes of transistors 1302, and
input terminals of inverters 1308 are electrically connected to
the respective word lines WL_OS(1) to WL_OS(m). Each
gate electrode of the transistors 1302 is electrically connected
to an inverted write signal line /WRITE. Each source elec-
trode of the transistors 1302 is grounded (or supplied with a
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low potential). Output terminals of the inverters 1308 are
electrically connected to respective drain electrodes of tran-
sistors 1309. Each gate electrode of the transistors 1309 is
electrically connected to the write signal line WRITE. Source
electrodes of the transistors 1309 are electrically connected to
the respective word lines WL(1) to WL(m). Each gate elec-
trode of the transistors 1303 and each gate electrode of the
transistor 1310 are electrically connected to the read signal
line READ. Source electrodes of the transistors 1310 are
electrically connected to respective gate electrodes of transis-
tors 1306. Source electrodes of the transistors 1303 are elec-
trically connected to respective gate electrodes of transistors
1304. The power supply potential Vdd is applied to each
source electrode of the transistors 1304. Drain electrodes of
the transistors 1304, drain electrodes of transistors 1305, and
source electrodes of the transistors 1306 are electrically con-
nected to the respective word lines WL(1) to WL(m). Each
gate electrode of the transistors 1305 is electrically connected
to an inverted read signal line /READ. Source electrodes of
the transistors 1305 are electrically connected to respective
drain electrodes of transistors 1311. Each gate electrode of
the transistors 1311 is electrically connected to the inverted
write signal line /WRITE. Each source electrode of the tran-
sistors 1311 is grounded (or supplied with a low potential).
Each drain electrode of the transistors 1306 is electrically
connected to a signal line VR. The signal line VR is electri-
cally connected to an output terminal of a resistance selection
circuit 1307. The signal line PULSE is electrically connected
to an input terminal of the resistance selection circuit 1307.
The signal line RST2 is electrically connected to an input
terminal of the resistance selection circuit 1307. The power
supply potential Vdd is applied to an input terminal of the
resistance selection circuit.

Next, operation of the word line driver circuit will be
described. In writing operation, a signal that specifies a row
address where writing is performed is input to the decoder
1312 through the signal line RAddr. In accordance with the
signal of the signal line RAddr, the decoder 1312 outputs the
high potential VH to only one signal line of the signal lines
RA(1) to RA(m) and outputs the low potential VL to the other
signal lines. Then, the potential of the write signal line
WRITE is raised to the high potential VH to turn on each of
the transistors 1301, so that potentials of the signal lines
RA(1) to RA(m) are output to the respective word lines
WL_0OS(1) to WL_OS(m). When the transistors 1301 are
each turned on, the potentials of the signal lines RA(1) to
RA(m) are also input to the respective input terminals of the
inverters 1308. Since the potential of the write signal line
WRITE is raised to the high potential VH, the transistors 1309
are turned on and potentials of the output terminals of the
inverters 1308, that is, inverted signals of signals of the signal
lines RA(1) to RA(m) are output to the respective word lines
WL(1) to WL(m). On the other hand, when writing operation
is not performed, the high potential VH is supplied to the
inverted write signal line /WRITE having an inverted signal
of'that of the write signal line WRITE to turn on the transistors
1302, so that the word lines WL_OS(1) to WL_OS(m) are
each grounded (or supplied with a low potential). In addition,
the low potential VL is supplied to the write signal line
WRITE to turn off the transistors 1309, so that WL(1) to
WL(m) are insulated from the respective output terminals of
the inverters 1308.

In reading operation and verify reading operation, a signal
that specifies a row address where data reading is performed
is input to the decoder 1312 through the signal line RAddr. In
accordance with the signal of the signal line RAddr, the
decoder 1312 outputs the high potential VH to only one signal
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line of the signal lines RA(1) to RA(m) and outputs the low
potential VL to the other signal lines. Then, the high potential
VH is supplied to the read signal line READ to turn on the
transistors 1303 and the transistors 1310, so that potentials of
the signal lines RA(1) to RA(m) are applied to the respective
gate electrodes of the transistors 1304 and the respective gate
electrodes of the transistors 1306. The potentials of the signal
lines RA(1) to RA(m) except for the one selected signal line
are all the low potential VL; thus, the low potential VL is
applied to the gate electrodes of the transistors 1304 electri-
cally connected to row addresses that are not selected, so that
the transistors 1304 are turned on and the potentials of the
word lines WL(1) to WL(m) (except for the word line WL(z)
connected to the selected row address) connected to the row
addresses that are not selected are raised to the high potential
VH. On the other hand, the high potential VH is supplied to
the signal line RA(z) in the selected row address; thus, the
transistor 1304 whose gate electrode is electrically connected
to the signal line RA(z) is turned off. In reading operation and
verify reading operation, the transistors 1310 are turned on
and the potentials of the signal lines RA(1) to RA(m) are
applied to the respective gate electrodes of the transistors
1306. The transistor is turned off when the low potential VL.
is applied to the gate electrode thereof, whereas the transistor
is turned on when the high potential VH is applied to the gate
electrode thereof; accordingly, a potential VR is supplied to
the selected word line WL(z). At this time, the potential VR is
controlled by the resistance selection circuit. The resistance
selection circuit functions to output the potential VR so that
the potential VR equals to the high potential VH when a pulse
is input to the signal line RST2 and to lower the potential VR
every time a pulse is input to the signal line PULSE.

When none of writing, reading, and verify reading is per-
formed, both the potential of the inverted read signal line
/READ and the potential of the inverted write signal line
/WRITE are the high potential VH; thus, the transistors 1305
and the transistors 1311 are all turned on and the word lines
WL(1) to WL(m) are grounded (or supplied with a low poten-
tial).

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

Embodiment 7

One embodiment of an oxide semiconductor layer which
can be used as any of the semiconductor layers of the transis-
tors in the above embodiments will be described with refer-
ence to FIGS. 28A to 28C.

The oxide semiconductor layer of this embodiment has a
structure including a first crystalline oxide semiconductor
layer and a second crystalline oxide semiconductor layer
which is stacked over the first crystalline oxide semiconduc-
tor layer and is thicker than the first crystalline oxide semi-
conductor layer.

An insulating layer 437 is formed over an insulating layer
400. In this embodiment, an oxide insulating layer with a
thickness greater than or equal to 50 nm and less than or equal
to 600 nm is formed as the insulating layer 437 by a PCVD
method or a sputtering method. For example, a single layer
selected from a silicon oxide film, a gallium oxide film, an
aluminum oxide film, a silicon nitride film, a silicon oxyni-
tride film, an aluminum oxynitride film, and a silicon nitride
oxide film or a stack of any of these films can be used.

Next, a first oxide semiconductor layer with a thickness
greater than or equal to 1 nm and less than or equal to 10 nm
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is formed over the insulating layer 437. The first oxide semi-
conductor layer is formed by a sputtering method, and the
substrate temperature in the film formation by a sputtering
method is set to be higher than or equal to 200° C. and lower
than or equal to 400° C.

In this embodiment, the first oxide semiconductor layer is
formed to a thickness of 5 nm in an oxygen atmosphere, an
argon atmosphere, or an atmosphere including argon and
oxygen under conditions where a target for deposition of an
oxide semiconductor (a target for deposition of an In—Ga—
Zn—O0-based oxide semiconductor including In,O;, Ga,O;,
and ZnO at 1:1:2 [molar ratio]) is used, the distance between
the substrate and the target is 170 mm, the substrate tempera-
ture is 250° C., the pressure is 0.4 Pa, and the direct current
(DC) power is 0.5 kW.

Next, first heat treatment is performed under a condition
where the atmosphere of a chamber in which the substrate is
set is an atmosphere of nitrogen or dry air. The temperature of
the first heat treatment is higher than or equal to 400° C. and
lower than or equal to 750° C. Through the first heat treat-
ment, a first crystalline oxide semiconductor layer 450a is
formed (see FIG. 28A).

Depending on the substrate temperature at the time of
deposition or the temperature of the first heat treatment, the
depostition or the first heat treatment causes crystallization
from a film surface and crystal grows from the film surface
toward the inside of the film; thus, c-axis aligned crystal is
obtained. By the first heat treatment, large amounts of zinc
and oxygen gather to the film surface, and one or more layers
of graphene-type two-dimensional crystal including zinc and
oxygen and having a hexagonal upper plane are formed at the
outermost surface; the layer(s) at the outermost surface grow
in the thickness direction to form a stack of layers. By increas-
ing the temperature of the heat treatment, crystal growth
proceeds from the surface to the inside and further from the
inside to the bottom.

By the first heat treatment, oxygen in the insulating layer
437 that is an oxide insulating layer is diffused to an interface
between the insulating layer 437 and the first crystalline oxide
semiconductor layer 450a or the vicinity of the interface
(within 5 nm from the interface), whereby oxygen defi-
ciency in the first crystalline oxide semiconductor layer is
reduced. Therefore, it is preferable that oxygen be included in
(in a bulk of) the insulating layer 437 used as a base insulating
layer or at the interface between the first crystalline oxide
semiconductor layer 450a and the insulating layer 437 at an
amount that exceeds at least the amount of oxygen in the
stoichiometric composition ratio.

Next, a second oxide semiconductor layer with a thickness
more than 10 nm is formed over the first crystalline oxide
semiconductor layer 4504a. The second oxide semiconductor
layer is formed by a sputtering method, and the substrate
temperature in the film formation is set to be higher than or
equal to 200° C. and lower than or equal to 400° C. By setting
the substrate temperature in the film formation to be higher
than or equal to 200° C. and lower than or equal to 400° C.,
precursors can be arranged in the oxide semiconductor layer
formed over and in contact with the surface of the first crys-
talline oxide semiconductor layer and so-called orderliness
can be obtained.

In this embodiment, the second oxide semiconductor layer
is formed to a thickness 0f 25 nm in an oxygen atmosphere, an
argon atmosphere, or an atmosphere including argon and
oxygen under conditions where a target for deposition of an
oxide semiconductor (a target for deposition of an In—Ga—
Zn—O0-based oxide semiconductor including In,O;, Ga,O;,
and ZnO at 1:1:2 [molar ratio]) is used, the distance between
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the substrate and the target is 170 mm, the substrate tempera-
ture is 400° C., the pressure is 0.4 Pa, and the direct current
(DC) power is 0.5 kW.

Next, second heat treatment is performed under a condition
where the atmosphere of a chamber in which the substrate is
set is a nitrogen atmosphere, an oxygen atmosphere, or a
mixed atmosphere of nitrogen and oxygen. The temperature
of'the second heat treatment is higher than or equal to 400° C.
and lower than or equal to 750° C. Through the second heat
treatment, a second crystalline oxide semiconductor layer
4505 is formed (see FIG. 28B). The second heat treatment is
performed in a nitrogen atmosphere, an oxygen atmosphere,
or a mixed atmosphere of nitrogen and oxygen, whereby the
density of the second crystalline oxide semiconductor layeris
increased and the number of defects therein is reduced. By the
second heat treatment, crystal growth proceeds in the thick-
ness direction with the use of the first crystalline oxide semi-
conductor layer 450a as a nucleus, that is, crystal growth
proceeds from the bottom to the inside; thus, the second
crystalline oxide semiconductor layer 4505 is formed.

It is preferable that steps from the formation of the insu-
lating layer 437 to the second heat treatment be successively
performed without exposure to the air. The steps from the
formation of the insulating layer 437 to the second heat treat-
ment are preferably performed in an atmosphere which is
controlled to include little hydrogen and moisture (such as an
inert gas atmosphere, a reduced-pressure atmosphere, or a
dry-air atmosphere); in terms of moisture, for example, a dry
nitrogen atmosphere with a dew point of —40° C. or lower,
preferably a dew point of -50° C. or lower may be employed.

Next, the stack of the oxide semiconductor layers, the first
crystalline oxide semiconductor layer 450a and the second
crystalline oxide semiconductor layer 4505, is processed into
an oxide semiconductor layer 453 including a stack of island-
shaped oxide semiconductor layers (see FIG. 28C). In the
drawing, the interface between the first crystalline oxide
semiconductor layer 450a and the second crystalline oxide
semiconductor layer 4505 is indicated by a dotted line, and
the first crystalline oxide semiconductor layer 450a and the
second crystalline oxide semiconductor layer 4505 are illus-
trated as a stack of oxide semiconductor layers; however, the
interface is actually not distinct and is illustrated for easy
understanding.

The stack of the oxide semiconductor layers can be pro-
cessed by being etched after a mask having a desired shape is
formed over the stack of the oxide semiconductor layers. The
mask can be formed by a method such as photolithography.
Alternatively, the mask may be formed by a method such as
an ink-jet method.

For the etching of the stack of the oxide semiconductor
layers, either dry etching or wet etching may be employed.
Needless to say, both of them may be employed in combina-
tion.

A feature of the first crystalline oxide semiconductor layer
and the second crystalline oxide semiconductor layer
obtained by the above formation method is that they have
c-axis alignment. Note that the first crystalline oxide semi-
conductor layer and the second crystalline oxide semiconduc-
tor layer comprise an oxide including a crystal with c-axis
alignment (also referred to as C-Axis Aligned Crystal
(CAACQ)), which has neither a single crystal structure nor an
amorphous structure. The first crystalline oxide semiconduc-
tor layer and the second crystalline oxide semiconductor
layer partly include a crystal grain boundary.

Note that examples of a material for the first crystalline
oxide semiconductor layer and the second crystalline oxide
semiconductor layer include a four-component metal oxide
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such as an In—Sn—Ga—Zn—0-based material; three-com-
ponent metal oxides such as an In—Ga—7n—O-based mate-
rial (also referred to as IGZ0O), an In—Sn—Z7n—O-based
material (also referred to as ITZ0O), an In—Al—7Zn—0-
based material, a Sn—Ga—Zn—O-based material, an
Al—Ga—Zn—0-based material, a Sn—Al—Zn—O-based
material, an In—Hf—Zn—O-based material, an In—La—
Zn—0O-based material, an In—Ce—Zn—0O-based material,
an In—Pr—Zn—O0O-based material, an In—Nd—Zn—O-
based material, an In—Sm—Zn—O-based material, an
In—FEu—Zn—O0O-based material, an In—Gd—~Zn—O-based
material, an In—Tbh—Zn—O-based material, an In—Dy—
Zn—0O-based material, an In—Ho—Zn—0O-based material,
an In—FEr—Zn—O0O-based material, an In—Tm—Zn—O-
based material, an In—Yb—Zn—0-based material, and an
In—Tu—7n—O0-based material; two-component metal
oxides such as an In—Zn—0-based material, a Sn—Zn—O-
based material, an Al—Zn—O-based material, a Zn—Mg—
O-based material, a Sn—Mg—O-based material, an
In—Mg—O-based material, and an In—Ga—O-based mate-
rial; and single-component metal oxides such as an In—O-
based material, a Sn—O-based material, and a Zn—O-based
material. In addition, the above materials may include SiO,.
Here, for example, an In—Ga—Z7n—0O-based material
means an oxide film including indium (In), gallium (Ga), and
zine (Zn), and there is no particular limitation on the compo-
sition ratio. Further, the In—Ga—Zn—O-based material
may include an element other than In, Ga, and Zn.

Without limitation to the two-layer structure in which the
second crystalline oxide semiconductor layer is formed over
the first crystalline oxide semiconductor layer, a stacked
structure including three or more layers may be formed by
repeatedly performing a process of film formation and heat
treatment for forming a third crystalline oxide semiconductor
layer after the second crystalline oxide semiconductor layeris
formed.

The oxide semiconductor layer 453 including the stack of
the oxide semiconductor layers formed by the above forma-
tion method can be used as appropriate for a transistor (e.g.,
the transistor including an oxide semiconductor in Embodi-
ment 1, the transistor 162 in Embodiment 2 and Embodiment
4, or the transistor 510 in Embodiment 3) which can be
applied to a semiconductor device disclosed in this specifi-
cation.

In a transistor in which the stack of the oxide semiconduc-
tor layers of this embodiment is used as an oxide semicon-
ductor layer, an electric field is not applied from one surface
to the other surface of the oxide semiconductor layer and
current does not flow in the thickness direction (from one
surface to the other surface; e.g., in the vertical direction in
FIG. 11B) of the stack of the oxide semiconductor layers. The
transistor has a structure in which current mainly flows along
the interface of the stack of the oxide semiconductor layers;
therefore, even when the transistor is irradiated with light or
even when a BT stress is applied to the transistor, deteriora-
tion of transistor characteristics is suppressed or reduced.

By forming a transistor with the use of a stack of a first
crystalline oxide semiconductor layer and a second crystal-
line oxide semiconductor layer, like the oxide semiconductor
layer 453, the transistor can have stable electric characteris-
tics and high reliability.

This embodiment can be implemented in an appropriate
combination with any of the structures described in the other
embodiments.

Embodiment 8

In this embodiment, an oxide including a crystal with
c-axis alignment (also referred to as C-Axis Aligned Crystal
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(CAAC)), which has a triangular or hexagonal atomic
arrangement when seen from the direction of an a-b plane, a
surface, or an interface will be described. In the crystal, metal
atoms are arranged in a layered manner, or metal atoms and
oxygen atoms are arranged in a layered manner along the
c-axis, and the direction of the a-axis or the b-axis is varied in
the a-b plane (the crystal rotates around the c-axis).

In a broad sense, an oxide including CAAC means a non-
single crystal oxide including a phase which has a triangular,
hexagonal, regular triangular, or regular hexagonal atomic
arrangement when seen from the direction perpendicular to
the a-b plane and in which metal atoms are arranged in a
layered manner or metal atoms and oxygen atoms are
arranged in a layered manner when seen from the direction
perpendicular to the c-axis direction.

The CAAC is not a single crystal, but this does not mean
that the CAAC is composed of only an amorphous compo-
nent. Although the CAAC includes a crystallized portion
(crystalline portion), a boundary between one crystalline por-
tion and another crystalline portion is not clear in some cases.

In the case where oxygen is included in the CAAC, nitro-
gen may be substituted for part of oxygen included in the
CAAC. The c-axes of individual crystalline portions included
in the CAAC may be aligned in one direction (e.g., a direction
perpendicular to a surface of a substrate over which the
CAAC is formed or a surface of the CAAC). Alternatively, the
normals of the a-b planes ofthe individual crystalline portions
included in the CAAC may be aligned in one direction (e.g.,
a direction perpendicular to a surface of a substrate over
which the CAAC is formed or a surface of the CAAC).

The CAAC becomes a conductor, a semiconductor, or an
insulator depending on its composition or the like. The CAAC
transmits or does not transmit visible light depending on its
composition or the like.

As an example of such a CAAC, there is a crystal which is
formed into a film shape and has a triangular or hexagonal
atomic arrangement when observed from the direction per-
pendicular to a surface of the film or a surface of a supporting
substrate, and in which metal atoms are arranged in a layered
manner or metal atoms and oxygen atoms (or nitrogen atoms)
are arranged in a layered manner when a cross section of the
film is observed.

An example of a crystal structure of the CAAC will be
described in detail with reference to FIGS. 30A to 30E, FIGS.
31A to 31C, and FIGS. 32A to 32C. In FIGS. 30A to 30E,
FIGS. 31A to 31C, and FIGS. 32A to 32C, the vertical direc-
tion corresponds to the c-axis direction and a plane perpen-
dicular to the c-axis direction corresponds to the a-b plane,
unless otherwise specified. When the expressions “an upper
half” and “alower half” are simply used, they refer to an upper
half above the a-b plane and a lower half below the a-b plane
(an upper half'and a lower half with respect to the a-b plane).

FIG. 30A illustrates a structure including one hexacoordi-
nate In atom and six tetracoordinate oxygen (hereinafter
referred to as tetracoordinate O) atoms proximate to the In
atom. Here, a structure including one metal atom and oxygen
atoms proximate thereto is referred to as a small group. The
structure in FIG. 30A is actually an octahedral structure, but
is illustrated as a planar structure for simplicity. Note that
three tetracoordinate O atoms exist in each of an upper half
and a lower half in FIG. 30A. In the small group illustrated in
FIG. 30A, electric charge is 0.

FIG. 30B illustrates a structure including one pentacoordi-
nate Ga atom, three tricoordinate oxygen (hereinafter
referred to as tricoordinate O) atoms proximate to the Ga
atom, and two tetracoordinate O atoms proximate to the Ga
atom. All the tricoordinate O atoms exist on the a-b plane.
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Onetetracoordinate O atom exists in each of anupper halfand
a lower half in FIG. 30B. An In atom can also have the
structure illustrated in FIG. 30B because an In atom can have
five ligands. In the small group illustrated in FIG. 30B, elec-
tric charge is 0.

FIG. 30C illustrates a structure including one tetracoordi-
nate Zn atom and four tetracoordinate O atoms proximate to
the Zn atom. In FIG. 30C, one tetracoordinate O atom exists
in an upper half and three tetracoordinate O atoms exist in a
lower half. Alternatively, three tetracoordinate O atoms may
exist in the upper half and one tetracoordinate O atom may
exist in the lower half in FIG. 30C. In the small group illus-
trated in FIG. 30C, electric charge is 0.

FIG. 30D illustrates a structure including one hexacoordi-
nate Sn atom and six tetracoordinate O atoms proximate to the
Sn atom. In FIG. 30D, three tetracoordinate O atoms exist in
each of an upper half and a lower half. In the small group
illustrated in FIG. 30D, electric charge is +1.

FIG. 30E illustrates a small group including two Zn atoms.
In FIG. 30E, one tetracoordinate O atom exists in each of an
upper half and a lower half. In the small group illustrated in
FIG. 30E, electric charge is 1.

Here, a plurality of small groups form a medium group, and
aplurality of medium groups form a large group (also referred
to as a unit cell).

Now, a rule of bonding between the small groups will be
described. The three O atoms in the upper half with respect to
the hexacoordinate In atom in FIG. 30A each have three
proximate In atoms in the downward direction, and the three
O atoms in the lower half each have three proximate In atoms
in the upward direction. The one O atom in the upper half with
respect to the pentacoordinate Ga atom has one proximate Ga
atom in the downward direction, and the one O atom in the
lower half has one proximate Ga atom in the upward direc-
tion. The one O atom in the upper half with respect to the
tetracoordinate Zn atom has one proximate Zn atom in the
downward direction, and the three O atoms in the lower half
each have three proximate Zn atoms in the upward direction.
In this manner, the number of the tetracoordinate O atoms
above the metal atom is equal to the number of the metal
atoms proximate to and below each of the tetracoordinate O
atoms. Similarly, the number of the tetracoordinate O atoms
below the metal atom is equal to the number of the metal
atoms proximate to and above each of the tetracoordinate O
atoms. Since the coordination number of the tetracoordinate
O atom is 4, the sum of the number of the metal atoms
proximate to and below the O atom and the number of the
metal atoms proximate to and above the O atom is 4. Accord-
ingly, when the sum of the number of tetracoordinate O atoms
above a metal atom and the number of tetracoordinate O
atoms below another metal atom is 4, the two kinds of small
groups including the metal atoms can be bonded. For
example, in the case where the hexacoordinate metal (In or
Sn) atom is bonded through three tetracoordinate O atoms in
the lower half; it is bonded to the pentacoordinate metal (Ga
or In) atom or the tetracoordinate metal (Zn) atom.

A metal atom whose coordination number is 4, 5, or 6 is
bonded to another metal atom through a tetracoordinate O
atom in the c-axis direction. In addition to the above, a
medium group can be formed in a different manner by com-
bining a plurality of small groups so that the total electric
charge of the layered structure is O.

FIG. 31A illustrates a model of a medium group included
in a layered structure of an In—Sn—Z7n—0O-based material.
FIG. 31B illustrates a large group including three medium
groups. Note that FIG. 31C illustrates an atomic arrangement
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in the case where the layered structure in FIG. 31B is
observed from the c-axis direction.

In FIG. 31A, a tricoordinate O atom is omitted for simplic-
ity, and a tetracoordinate O atom is illustrated by a circle; the
number in the circle shows the number of tetracoordinate O
atoms. For example, three tetracoordinate O atoms existing in
each of an upper half and a lower half with respect to a Sn
atom is denoted by circled 3. Similarly, in FIG. 31A, one
tetracoordinate O atom existing in each of an upper half and
alower half with respect to an In atom is denoted by circled 1.
FIG. 31A also illustrates a Zn atom proximate to one tetra-
coordinate O atom in a lower half and three tetracoordinate O
atoms in an upper half, and a Zn atom proximate to one
tetracoordinate O atom in an upper half and three tetracoor-
dinate O atoms in a lower half.

In the medium group included in the layered structure of
the In—Sn—Zn—0-based material in FIG. 31A, in the order
starting from the top, a Sn atom proximate to three tetracoor-
dinate O atoms in each of an upper half and a lower half is
bonded to an In atom proximate to one tetracoordinate O atom
in each of an upper halfand a lower half, the In atom is bonded
to a Zn atom proximate to three tetracoordinate O atoms in an
upper half, the Zn atom is bonded to an In atom proximate to
three tetracoordinate O atoms in each of an upper half and a
lower half through one tetracoordinate O atom in a lower half
with respect to the Zn atom, the In atom is bonded to a small
group that includes two Zn atoms and is proximate to one
tetracoordinate O atom in an upper half, and the small group
is bonded to a Sn atom proximate to three tetracoordinate O
atoms in each of an upper half and a lower half through one
tetracoordinate O atom in a lower half with respect to the
small group. A plurality of such medium groups is bonded, so
that a large group is formed.

Here, electric charge for one bond of atricoordinate O atom
and electric charge for one bond of a tetracoordinate O atom
can be assumed to be -0.667 and -0.5, respectively. For
example, electric charge of a (hexacoordinate or pentacoor-
dinate) In atom, electric charge of a (tetracooridinate) Zn
atom, and electric charge of a (pentacoordinate or hexacoor-
dinate) Sn atom are +3, +2, and +4, respectively. Accordingly,
electric charge of a small group including a Sn atom is +1.
Therefore, electric charge of -1, which cancels +1, is needed
to form a layered structure including a Sn atom. As a structure
having electric charge of -1, the small group including two
Zn atoms as illustrated in FIG. 30E can be given. For example,
with one small group including two Zn atoms, electric charge
of one small group including a Sn atom can be cancelled, so
that the total electric charge of the layered structure can be 0.

When the large group illustrated in FIG. 31B is repeated, an
In—Sn—7n—O-based crystal (In,SnZn;O;) can be
obtained. Note that a layered structure of the obtained
In—Sn—7n—O-based crystal can be expressed as a compo-
sition formula, In,SnZn,0,(Zn0),, (m is O or a natural num-
ber).

The above-described rule also applies to the following
materials: a four-component metal oxide such as an In—Sn—
Ga—Zn—0-based material; a three-component metal oxide
such as an In—Ga—7n—0-based material (also referred to
as IGZ0), an In—Al—7n—O-based material, a Sn—Ga—
Zn—0O-based material, an Al—Ga—Zn—0O-based material,
a Sn—Al—Zn—O0O-based material, an In—Hf—Zn—O-
based material, an In—La—Zn—O-based material, an
In—Ce—Zn—0O-based material, an In—Pr—Zn—O-based
material, an In—Nd—Zn—O-based material, an In—Sm—
Zn—0O-based material, an In—FEu—Zn—0-based material,
an In—Gd—Zn—O0-based material, an In—Tb—Zn—0O-
based material, an In—Dy—7n—O-based material, an
In—Ho—Zn—0O-based material, an In—FEr—Zn—O-based
material, an In—Tm—Zn—0-based material, an In—Yb—
Zn—0O-based material, or an In—Lu—Zn—O-based mate-
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rial; a two-component metal oxide such as an In—Zn—0-
based material, a Sn—Zn—O-based material, an Al—Z7n—
O-based material, a Zn—Mg—O-based material, a
Sn—Mg—O-based material, an In—Mg—O-based material,
or an In—Ga—0O-based material; and the like.

As an example, FIG. 32A illustrates a model of a medium
group included in a layered structure of an In—Ga—Z7n—0O-
based material.

In the medium group included in the layered structure of
the In—Ga—Z7n—0-based material in F1G. 32 A, in the order
starting from the top, an In atom proximate to three tetraco-
ordinate O atoms in each of an upper half and a lower half'is
bonded to a Zn atom proximate to one tetracoordinate O atom
in an upper half, the Zn atom is bonded to a Ga atom proxi-
mate to one tetracoordinate O atom in each of an upper half
and a lower half through three tetracoordinate O atoms in a
lower half with respect to the Zn atom, and the Ga atom is
bonded to an In atom proximate to three tetracoordinate O
atoms in each of an upper half and a lower half through one
tetracoordinate O atom in a lower half with respect to the Ga
atom. A plurality of such medium groups is bonded, so thata
large group is formed.

FIG. 32B illustrates a large group including three medium
groups. Note that FIG. 32C illustrates an atomic arrangement
in the case where the layered structure in FIG. 32B is
observed from the c-axis direction.

Here, since electric charge of a (hexacoordinate or penta-
coordinate) In atom, electric charge of a (tetracooridinate) Zn
atom, and electric charge of a (pentacoordinate) Ga atom are
+3, +2, +3, respectively, electric charge of a small group
including any of an In atom, a Zn atom, and a Ga atom is 0. As
a result, the total electric charge of a medium group having a
combination of such small groups is always 0.

In order to form the layered structure of the In—Ga—Z7n—
O-based material, a large group can be formed using not only
the medium group illustrated in FIG. 32A but also a medium
group in which the arrangement of the In atom, the Ga atom,
and the Zn atom is different from that in FIG. 32A.

Embodiment 9

In this embodiment, the field-effect mobility of a transistor
will be described.

The actually measured field-effect mobility of an insulated
gate transistor can be lower than its original mobility because
of a variety of reasons; this phenomenon occurs not only in
the case of using an oxide semiconductor. One of the reasons
that reduce the mobility is a defect inside a semiconductor or
a defect at an interface between the semiconductor and an
insulating film. When a Levinson model is used, the field-
effect mobility on the assumption that no defect exists inside
the semiconductor can be calculated theoretically.

Assuming that the original mobility and the measured
field-effect mobility of a semiconductor are 1, and 1, respec-
tively, and a potential barrier (such as a grain boundary) exists
in the semiconductor, the measured field-effect mobility can
be expressed as the following formula.

[FORMULA 2]

u= ﬂoeXP(— 5)

Here, E represents the height of the potential barrier, k
represents the Boltzmann constant, and T represents the abso-
lute temperature. When the potential barrier is assumed to be
attributed to a defect, the height of the potential barrier can be
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expressed as the following formula according to the Levinson
model.

eINT Nt [FORMULA 3]

= Ben 8Co Vg

Here, e represents the elementary charge, N represents the
average defect density per unit area in a channel, € represents
the dielectric constant of the semiconductor, n represents the
number of carriers per unit area in the channel, C  represents
the capacitance per unit area, V represents the gate voltage,
and trepresents the thickness of the channel. In the case where
the thickness of the semiconductor layer is less than or equal
to 30 nm, the thickness of the channel may be regarded as
being the same as the thickness of the semiconductor layer.
The drain current I ;in a linear region can be expressed as the
following formula.

L WV VaCor ( E) [FORMULA 4]

4 L kT

Here, L represents the channel length and W represents the
channel width, and [. and W are each 10 pm. In addition, V
represents the drain voltage. When dividing both sides of the
above equation by V, and then taking logarithms of both
sides, the following formula can be obtained.

I
1n(_d] =
Vg
1“(Wﬂvdcox] E _ln(W/,(VdCOX] N4
L kT~ L 8kTeCox Vg

[FORMULA 5]

The right side of Formula 5 is a function of V. From the
formula, it is found that the defect density N can Be obtained
from the slope of a line in a graph which is obtained by
plotting actual measured values with In(1,/V, ) as the ordinate
and 1/V, as the abscissa. That is, the defect density can be
evaluated from the I~V characteristics of the transistor. The
defect density N of an oxide semiconductor in which the ratio
of indium (In), tin (Sn), and zinc (Zn) is 1:1:1 is approxi-
mately 1x10'%/cm?.

On the basis of the defect density obtained in this manner,
or the like, p, can be calculated to be 120 cm*Vs from
Formula 2 and Formula 3. The measured mobility of an
In—Sn—7n oxide including a defect is approximately 35
cm?/Vs. However, assuming that no defect exists inside the
semiconductor and at the interface between the semiconduc-
tor and an insulating film, the mobility i, of the oxide semi-
conductor is expected to be 120 cm?/Vs.

Note that even when no defect exists inside a semiconduc-
tor, scattering at an interface between a channel and a gate
insulating layer affects the transport property of the transistor.
In other words, the mobility y, at a position that is distance x
away from the interface between the channel and the gate
insulating layer can be expressed as the following formula.

x ) [FORMULA 6]

Here, D represents the electric field in the gate direction,
and B and G are constants. B and G can be obtained from
actual measurement results; according to the above measure-
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ment results, B is 4.75x107 cm/s and G is 10 nm (the depth to
which the influence of interface scattering reaches). When D
is increased (i.e., when the gate voltage is increased), the
second term of Formula 6 is increased and accordingly the
mobility p, is decreased.

Calculation results of the mobility p, of a transistor whose
channel includes an ideal oxide semiconductor without a
defect inside the semiconductor are shown in FIG. 33. For the
calculation, device simulation software Sentaurus Device
manufactured by Synopsys, Inc. was used, and the bandgap,
the electron affinity, the relative permittivity, and the thick-
ness of the oxide semiconductor were assumed to be 2.8 €V,
4.7 eV, 15, and 15 nm, respectively. These values were
obtained by measurement of a thin film that was formed by a
sputtering method.

Further, the work functions of a gate, a source, and a drain
were assumed to be 5.5 eV, 4.6 eV, and 4.6 eV, respectively.
The thickness of a gate insulating layer was assumed to be
100 nm, and the relative permittivity thereof was assumed to
be 4.1. The channel length and the channel width were each
assumed to be 10 pm, and the drain voltage V , was assumed
tobe0.1V.

As shown in FIG. 33, the mobility has a peak of more than
100 cm?/Vs at a gate voltage that is a little over 1 V and is
decreased as the gate voltage becomes higher because the
influence of interface scattering is increased. Note that in
order to reduce interface scattering, it is desirable that a sur-
face of the semiconductor layer be flat at the atomic level
(atomic layer flatness).

Calculation results of characteristics of minute transistors
which are manufactured using an oxide semiconductor hav-
ing such a mobility are shown in FIGS. 34A to 34C, FIGS.
35A to 35C, and FIGS. 36A to 36C. FIGS. 37A and 37B
illustrate cross-sectional structures of the transistors used for
the calculation. The transistors illustrated in FIGS. 37A and
378 each include a semiconductor region 2103 and a semi-
conductor region 2103¢ which have n*-type conductivity in
an oxide semiconductor layer. The resistivities of the semi-
conductor region 2103a and the semiconductor region 2103¢
are 2x107> Qem.

The transistor illustrated in FIG. 37A is formed over a base
insulating layer 2101 and an embedded insulator 2102 which
is embedded in the base insulating layer 2101 and formed of
aluminum oxide. The transistor includes the semiconductor
region 2103a, the semiconductor region 2103¢, an intrinsic
semiconductor region 21035 serving as a channel formation
region therebetween, and a gate 2105. The width of the gate
2105 is 33 nm.

A gate insulating layer 2104 is formed between the gate
2105 and the semiconductor region 21034. In addition, a
sidewall insulator 21064 and a sidewall insulator 21065 are
formed on both side surfaces of the gate 2105, and an insu-
lator 2107 is formed over the gate 2105 so as to prevent a short
circuit between the gate 2105 and another wiring. The side-
wall insulator has a width of 5 nm. A source 21084 and a drain
21085 are provided in contact with the semiconductor region
2103a and the semiconductor region 2103c¢, respectively.
Note that the channel width of this transistor is 40 nm.

The transistor of FIG. 37B is the same as the transistor of
FIG. 37A in that it is formed over the base insulating layer
2101 and the embedded insulator 2102 formed of aluminum
oxide and that it includes the semiconductor region 2103a,
the semiconductor region 2103c¢, the intrinsic semiconductor
region 21035 provided therebetween, the gate 2105 having a
width of 33 nm, the gate insulating layer 2104, the sidewall
insulator 2106a, the sidewall insulator 21065, the insulator
2107, the source 2108a, and the drain 21085.

The transistor illustrated in FIG. 37A is different from the
transistor illustrated in FIG. 37B in the conductivity type of
semiconductor regions under the sidewall insulator 2106a
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and the sidewall insulator 21065. In the transistor illustrated
in FIG. 37A, the semiconductor regions under the sidewall
insulator 21064 and the sidewall insulator 21065 are part of
the semiconductor region 21034 having n*-type conductivity
and part of the semiconductor region 2103¢ having n*-type
conductivity, whereas in the transistor illustrated in FIG. 37B,
the semiconductor regions under the sidewall insulator 21064
and the sidewall insulator 21065 are part of the intrinsic
semiconductor region 21035. In other words, in the semicon-
ductor layer of FIG. 37B, aregion having a width of L, ;which
overlaps with neither the semiconductor region 21034 (the
semiconductor region 2103¢) nor the gate 2105 is provided.
This region is called an offset region, and the width L is
called an offset length. As is seen from the drawing, the offset
length is equal to the width of the sidewall insulator 2106«
(the sidewall insulator 21065).

The other parameters used in calculation are as described
above. For the calculation, device simulation software Sen-
taurus Device manufactured by Synopsys, Inc. was used.
FIGS. 34A to 34C show the gate voltage (V,: a potential
difference between the gate and the source) dependence of the
drain current (I, a solid line) and the mobility (i, a dotted
line) of the transistor having the structure illustrated in FIG.
37A. The drain current I, is obtained by calculation under the
assumption that the drain voltage (a potential difference
between the drain and the source) is +1 V and the mobility p
is obtained by calculation under the assumption that the drain
voltage is +0.1 V.

FIG. 34A shows the gate voltage dependence of the tran-
sistor in the case where the thickness of the gate insulating
layer is 15 nm, FIG. 34B shows that of the transistor in the
case where the thickness of the gate insulating layer is 10 nm,
and FIG. 34C shows that of the transistor in the case where the
thickness of the gate insulating layer is 5 nm. As the gate
insulating layer is thinner, the drain current I, particularly in
an off state (off-state current) is significantly decreased. In
contrast, there is no noticeable change in the peak value of the
mobility p and the drain current [, (on-state current) in an on
state. The graphs show that the drain current exceeds 10 pA,
which is required in a memory cell and the like, at a gate
voltage of around 1 V.

FIGS. 35A to 35C show the gate voltage V, dependence of
the drain current I, (a solid line) and the mobility p (a dotted
line) of the transistor having the structure illustrated in FIG.
37B where the offset length L, 7is 5 nm. The drain current I,
is obtained by calculation under the assumption that the drain
voltage is +1 V and the mobility p is obtained by calculation
under the assumption that the drain voltage is +0.1 V. FIG.
35A shows the gate voltage dependence of the transistor in the
case where the thickness of the gate insulating layer is 15 nm,
FIG. 35B shows that of the transistor in the case where the
thickness of the gate insulating layer is 10 nm, and FIG. 35C
shows that of the transistor in the case where the thickness of
the gate insulating layer is 5 nm.

Further, FIGS. 36A to 36C show the gate voltage depen-
dence of the drain current I ; (a solid line) and the mobility p
(adotted line) of the transistor having the structure illustrated
in FIG. 37B where the offset length L,,-is 15 nm. The drain
current I, is obtained by calculation under the assumption that
the drain voltage is +1 V and the mobility p is obtained by
calculation under the assumption that the drain voltage is +0.1
V. FIG. 36A shows the gate voltage dependence of the tran-
sistor in the case where the thickness of the gate insulating
layer is 15 nm, FIG. 36B shows that of the transistor in the
case where the thickness of the gate insulating layer is 10 nm,
and FIG. 36C shows that of the transistor in the case where the
thickness of the gate insulating layer is 5 nm.
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In either of the structures, as the gate insulating layer is
thinner, the off-state current is significantly decreased,
whereas no noticeable change arises in the peak value of the
mobility pu and the on-state current.

Note that the peak of the mobility p is approximately 80
cm?/Vs in FIGS. 34A to 34C, approximately 60 cm?/Vs in
FIGS. 35A to 35C, and approximately 40 cm®/Vs in FIGS.
36A to 36C; thus, the peak of the mobility p is decreased as
the offset length L, +is increased. Further, the same applies to
the off-state current. The on-state current is also decreased as
the offset length L, -is increased; however, the decrease in the
on-state current is much more gradual than the decrease in the
off-state current. Further, the graphs show that in either of the
structures, the drain current exceeds 10 pA, which is required
in a memory cell and the like, at a gate voltage of around 1 V.

Embodiment 10

In this embodiment, a transistor in which an oxide semi-
conductor including In, Sn, and Zn as main components is
used as an oxide semiconductor will be described.

A transistor in which an oxide semiconductor including In,
Sn, and Zn as main components is used as a channel forma-
tion region can have favorable characteristics by depositing
the oxide semiconductor while heating a substrate or by per-
forming heat treatment after an oxide semiconductor film is
formed. Note that a main component refers to an element
included in a composition at 5 atomic % or more.

By intentionally heating the substrate after formation of the
oxide semiconductor film including In, Sn, and Zn as main
components, the field-effect mobility of the transistor can be
improved. Further, the threshold voltage of the transistor can
be positively shifted to make the transistor normally off.

As an example, FIGS. 38A to 38C each show characteris-
tics of a transistor in which an oxide semiconductor film
including In, Sn, and Zn as main components and having a
channel length [ of 3 pm and a channel width W of 10 pm, and
a gate insulating layer with a thickness of 100 nm are used.
Note that V, was set to 10 V.

FIG. 38 A shows characteristics of a transistor whose oxide
semiconductor film including In, Sn, and Zn as main compo-
nents was formed by a sputtering method without heating a
substrate intentionally. The field-effect mobility of the tran-
sistor is 18.8 cm?/Vsec. On the other hand, when the oxide
semiconductor film including In, Sn, and Zn as main compo-
nents is formed while heating the substrate intentionally, the
field-effect mobility can be improved. FIG. 38B shows char-
acteristics of a transistor whose oxide semiconductor film
including In, Sn, and Zn as main components was formed
while heating a substrate at 200° C. The field-effect mobility
of the transistor is 32.2 cm*/Vsec.

The field-effect mobility can be further improved by per-
forming heat treatment after formation of the oxide semicon-
ductor film including In, Sn, and Zn as main components.
FIG. 38C shows characteristics of a transistor whose oxide
semiconductor film including In, Sn, and Zn as main compo-
nents was formed by sputtering at 200° C. and then subjected
to heat treatment at 650° C. The field-effect mobility of the
transistor is 34.5 cm*/Vsec.

The intentional heating of the substrate is expected to have
an effect of reducing moisture taken into the oxide semicon-
ductor film during the formation by sputtering. Further, the
heat treatment after film formation enables hydrogen, a
hydroxyl group, or moisture to be released and removed from
the oxide semiconductor film. In this manner, the field-effect
mobility can be improved. Such an improvement in field-
effect mobility is presumed to be achieved not only by
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removal of impurities by dehydration or dehydrogenation but
also by a reduction in interatomic distance due to an increase
in density. The oxide semiconductor can be crystallized by
being highly purified by removal of impurities from the oxide
semiconductor. In the case of using such a highly purified
non-single-crystal oxide semiconductor, ideally, a field-ef-
fect mobility exceeding 100 cm*/Vsec is expected to be real-
ized.

The oxide semiconductor including In, Sn, and Zn as main
components may be crystallized in the following manner:
oxygen ions are implanted into the oxide semiconductor,
hydrogen, a hydroxyl group, or moisture included in the oxide
semiconductor is released by heat treatment, and the oxide
semiconductor is crystallized through the heat treatment or by
another heat treatment performed later. By such crystalliza-
tion treatment or recrystallization treatment, a non-single-
crystal oxide semiconductor having favorable crystallinity
can be obtained.

The intentional heating of the substrate during film forma-
tion and/or the heat treatment after the film formation con-
tributes not only to improving field-effect mobility but also to
making the transistor normally off. In a transistor in which an
oxide semiconductor film that includes In, Sn, and Zn as main
components and is formed without heating a substrate inten-
tionally is used as a channel formation region, the threshold
voltage tends to be shifted negatively. However, when the
oxide semiconductor film formed while heating the substrate
intentionally is used, the problem of the negative shift of the
threshold voltage can be solved. That is, the threshold voltage
is shifted so that the transistor becomes normally off; this
tendency can be confirmed by comparison between FIGS.
38A and 38B.

Note that the threshold voltage can also be controlled by
changing the ratio of In, Sn, and Zn; when the composition
ratio of In, Sn, and Zn is 2:1:3, a normally-off transistor is
expected to be formed. In addition, an oxide semiconductor
film having high crystallinity can be obtained by setting the
composition ratio of a target as follows: In:Sn:Zn=2:1:3.

The temperature of the intentional heating of the substrate
or the temperature of the heat treatment is 150° C. or higher,
preferably 200° C. or higher, further preferably 400° C. or
higher. When film formation or heat treatment is performed at
a high temperature, the transistor can be normally off.

By intentionally heating the substrate during film forma-
tion and/or by performing heat treatment after the film for-
mation, the stability against a gate-bias stress can be
increased. For example, when a gate bias is applied with an
intensity of 2.2 megavolts (“MV”")/cm at 150° C. for one hour,
drift of the threshold voltage can be less than +1.5 V, prefer-
ably less than 1.0 V.

A BT test was performed on the following two transistors:
Sample 1 on which heat treatment was not performed after
formation of an oxide semiconductor film, and Sample 2 on
which heat treatment at 650° C. was performed after forma-
tion of an oxide semiconductor film.

First, 1,~V, characteristics of the transistors were mea-
sured at a substrate temperature of 25° C. and V ;0f 10 V. Note
that V, refers to a drain voltage (a potential difference
between a drain and a source). Then, the substrate tempera-
ture was set to 150° C. and V, was set to 0.1 V. After that, 20
V of V,, was applied so that the intensity of an electric field
applied to gate insulating layers was 2 MV/cm, and the con-
dition was kept for one hour. Next, V,, was set to 0 V. Then,
I~V characteristics of the transistors were measured at a
substrate temperature of 25° C. and V, 0f 10 V. This process
is called a positive BT test.
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In a similar manner, first, I~V characteristics of the tran-
sistors were measured at a substrate temperature of 25° C. and
V0t 10V. Then, the substrate temperature was set at 150° C.
and 'V, was setto 0.1 V. After that, =20V of V,_ was applied so
that the intensity of an electric field applied to the gate insu-
lating layers was -2 MV/cm, and the condition was kept for
one hour. Next, V,_, was set to 0 V. Then, -V, characteristics
of'the transistors were measured at a substrate temperature of
25° C. and V, of 10 V. This process is called a negative BT
test.

FIGS. 39A and 39B show a result of the positive bias
temperature (“BT”) test of Sample 1 and a result of the nega-
tive BT test of Sample 1, respectively. FIGS. 40A and 40B
show a result of the positive BT test of Sample 2 and a result
of the negative BT test of Sample 2, respectively.

The amount of shift in the threshold voltage of Sample 1
due to the positive BT test and that due to the negative BT test
were 1.80V and -0.42V, respectively. The amount of shift in
the threshold voltage of Sample 2 due to the positive BT test
and that due to the negative BT test were 0.79 V and 0.76 V,
respectively. It is found that, in each of Sample 1 and Sample
2, the amount of shift in the threshold voltage between before
and after the BT tests is small and the reliability thereof is
high.

The heat treatment can be performed in an oxygen atmo-
sphere; alternatively, the heat treatment may be performed
first in an atmosphere of nitrogen or an inert gas or under
reduced pressure, and then in an atmosphere including oxy-
gen. Oxygen is supplied to the oxide semiconductor after
dehydration or dehydrogenation, whereby an effect of the
heat treatment can be further increased. As a method for
supplying oxygen after dehydration or dehydrogenation, a
method in which oxygen ions are accelerated by an electric
field and implanted into the oxide semiconductor film may be
employed.

A defect due to oxygen deficiency is easily caused in the
oxide semiconductor or at an interface between the oxide
semiconductor and a film in contact with the oxide semicon-
ductor; however, when excess oxygen is included in the oxide
semiconductor by the heat treatment, oxygen deficiency
caused constantly can be compensated for with excess oxy-
gen. The excess oxygen is oxygen existing mainly between
lattices. When the concentration of excess oxygen is set to
higher than or equal to 1x10"%cm?® and lower than or equal to
2x10%*°/cm®, excess oxygen can be included in the oxide
semiconductor without causing crystal distortion or the like.

When heat treatment is performed so that at least part of the
oxide semiconductor includes crystal, a more stable oxide
semiconductor film can be obtained. For example, when an
oxide semiconductor film which is formed by sputtering
using a target having a composition ratio of In:Sn:Zn=1:1:1
without heating a substrate intentionally is analyzed by X-ray
diffraction (XRD), a halo pattern is observed. The formed
oxide semiconductor film can be crystallized by being sub-
jected to heat treatment. The temperature of the heat treat-
ment can be set as appropriate; when the heat treatment is
performed at 650° C., for example, a clear diffraction peak
can be observed in an X-ray diffraction analysis.

An XRD analysis of an In—Sn—7n—0 film was con-
ducted. The XRD analysis was conducted using an X-ray
diffractometer D8 ADVANCE manufactured by Bruker AXS,
and measurement was performed by an out-of-plane method.

Sample A and Sample B were prepared and the XRD
analysis was performed thereon. A method for manufacturing
Sample A and Sample B will be described below.
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An In—Sn—7n—O0 film with a thickness of 100 nm was
formed over a quartz substrate that had been subjected to
dehydrogenation treatment.

The In—Sn—7n—0O film was formed with a sputtering
apparatus with a power of 100 W (DC) in an oxygen atmo-
sphere. An In—Sn—7n—O target having an atomic ratio of
In:Sn:Zn=1:1:1 was used as a target. Note that the substrate
heating temperature in film formation was set at 200° C. A
sample manufactured in this manner was used as Sample A.

Next, a sample manufactured by a method similar to that of
Sample A was subjected to heat treatment at 650° C. As the
heat treatment, heat treatment in a nitrogen atmosphere was
first performed for one hour and heat treatment in an oxygen
atmosphere was further performed for one hour without low-
ering the temperature. A sample manufactured in this manner
was used as Sample B.

FIG. 43 shows XRD spectra of Sample A and Sample B.
No peak derived from crystal was observed in Sample A,
whereas peaks derived from crystal were observed when 20
was around 35 deg. at 37 deg. to 38 deg. in Sample B.

As described above, by intentionally heating a substrate
during deposition of an oxide semiconductor including In,
Sn, and Zn as main components and/or by performing heat
treatment after the deposition, characteristics of a transistor
can be improved.

These substrate heating and heat treatment have an effect
of preventing hydrogen and a hydroxyl group, which are
unfavorable impurities for an oxide semiconductor, from
being included in the film or an effect of removing hydrogen
and a hydroxyl group from the film. That is, an oxide semi-
conductor can be highly purified by removing hydrogen serv-
ing as a donor impurity from the oxide semiconductor,
whereby a normally-off transistor can be obtained. The high
purification of an oxide semiconductor enables the oft-state
current of the transistor to be 1 aA/um or lower. Here, the unit
of the off-state current is used to indicate current per
micrometer of a channel width.

FIG. 44 shows a relation between the off-state current of a
transistor and the inverse of substrate temperature (absolute
temperature) at measurement. Here, for simplicity, the hori-
zontal axis represents a value (1000/T) obtained by multiply-
ing an inverse of substrate temperature at measurement by
1000.

Specifically, as shown in FIG. 44, the off-state current can
be 1 aA/um (1x107'® A/um) or lower, 100 zA/um (1x107*°
A/um) or lower, and 1 zA/um (1x1072! A/um) or lower when
the substrate temperature is 125° C., 85° C., and room tem-
perature (27° C.), respectively. Preferably, the off-state cur-
rent can be 0.1 aA/um (1x107'° A/um) or lower, 10 zA/um
(1x1072° A/um) or lower, and 0.1 zA/um (1x107> A/um) or
lower at 125° C., 85° C., and room temperature, respectively.

Note that in order to prevent hydrogen and moisture from
being included in the oxide semiconductor film during for-
mation thereof, it is preferable to increase the purity of a
sputtering gas by sufficiently suppressing leakage from the
outside of a deposition chamber and degasification through
an inner wall of the deposition chamber. For example, a gas
with a dew point of =70° C. or lower is preferably used as the
sputtering gas in order to prevent moisture from being
included in the film. In addition, it is preferable to use a target
which is highly purified so as notto include impurities such as
hydrogen and moisture. Although it is possible to remove
moisture from a film of an oxide semiconductor including In,
Sn, and Zn as main components by heat treatment, a film
which does not include moisture originally is preferably
formed because moisture is released from the oxide semicon-
ductor including In, Sn, and Zn as main components at a
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higher temperature than from an oxide semiconductor includ-
ing In, Ga, and Zn as main components.

The relation between the substrate temperature and electric
characteristics of a transistor formed using Sample B, on
which heat treatment at 650° C. was performed after forma-
tion of the oxide semiconductor film, was evaluated.

The transistor used for the measurement has a channel
length L of 3 um, a channel width W of 10 um, Lov of O pm,
and dW of 0 um. Note that V, was set to 10 V. Note that the
substrate temperature was —-40° C., —25° C., 25° C., 75° C,,
125° C., and 150° C. Here, in a transistor, the width of a
portion where a gate electrode overlaps with one of a pair of
electrodes is referred to as Lov, and the width of a portion of
the pair of electrodes, which does not overlap with an oxide
semiconductor film, is referred to as dW.

FIG. 41 shows the V,, dependence of I, (a solid line) and
field-effect mobility (a dotted line). FIG. 42A shows a rela-
tion between the substrate temperature and the threshold volt-
age, and FIG. 42B shows a relation between the substrate
temperature and the field-effect mobility.

From FIG. 42A, it is found that the threshold voltage gets
lower as the substrate temperature increases. Note that the
threshold voltage is decreased from 1.09 V to —0.23 V in the
range from —-40° C. to 150° C.

From FIG. 42B, it is found that the field-effect mobility
gets lower as the substrate temperature increases. Note that
the field-effect mobility is decreased from 36 cm?/Vs to 32
cm?/Vs in the range from —40° C. to 150° C. Thus, it is found
that variation in electric characteristics is small in the above
temperature range.

In a transistor in which such an oxide semiconductor
including In, Sn, and Zn as main components is used as a
channel formation region, a field-effect mobility of 30 cm?/
Vsec or higher, preferably 40 cm®/Vsec or higher, further
preferably 60 cm?/Vsec or higher can be obtained with the
off-state current maintained at 1 aA/um or lower, which can
achieve on-state current needed for an LSI. For example, in an
FET where [/W is 33 nm/40 nm, an on-state current of 12 pA
or higher can flow when the gate voltage is 2.7 V and the drain
voltage is 1.0 V. In addition, sufficient electric characteristics
can be ensured in a temperature range needed for operation of
a transistor. With such characteristics, an integrated circuit
having a novel function can be realized without decreasing
the operation speed even when a transistor including an oxide
semiconductor is also provided in an integrated circuit
formed using a Si semiconductor.

An example of a transistor in which an In—Sn—Z7n—0
film is used as an oxide semiconductor film will be described
below.

FIGS. 45A and 45B are a top view and a cross-sectional
view of a coplanar transistor having a top-gate top-contact
structure. FIG. 45A is the top view of the transistor.

FIG. 45B illustrates cross section A-B along dashed-dotted
line A-B in FIG. 45A.

The transistor illustrated in FIG. 45B includes a substrate
1200; a base insulating layer 1202 provided over the substrate
1200; a protective insulating film 1204 provided in the
periphery of the base insulating layer 1202; an oxide semi-
conductor film 1206 provided over the base insulating layer
1202 and the protective insulating film 1204 and including a
high-resistance region 1206a and low-resistance regions
12065; a gate insulating layer 1208 provided over the oxide
semiconductor film 1206; a gate electrode 1210 provided to
overlap with the oxide semiconductor film 1206 with the gate
insulating layer 1208 positioned therebetween; a sidewall
insulating film 1212 provided in contact with a side surface of
the gate electrode 1210; a pair of electrodes 1214 provided in
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contact with at least the low-resistance regions 12065; an
interlayer insulating film 1216 provided to cover at least the
oxide semiconductor film 1206, the gate electrode 1210, and
the pair of electrodes 1214; and a wiring 1218 provided to be
connected to at least one of the pair of electrodes 1214
through an opening formed in the interlayer insulating film
1216.

Although not illustrated, a protective film may be provided
to cover the interlayer insulating film 1216 and the wiring
1218. With the protective film, a minute amount of leakage
current generated by surface conduction of the interlayer
insulating film 1216 can be reduced and thus the off-state
current of the transistor can be reduced.

Another example of a transistor in which an In—Sn—
Zn—O film is used as an oxide semiconductor film will be
described below.

FIGS. 46 A and 46B are a top view and a cross-sectional
view which illustrate a structure of a transistor. FIG. 46A is
the top view of the transistor. FIG. 46B is a cross-sectional
view along dashed-dotted line A-B in FIG. 46 A.

The transistor illustrated in FIG. 46B includes a substrate
1600; abase insulating layer 1602 provided over the substrate
1600; an oxide semiconductor film 1606 provided over the
base insulating layer 1602; a pair of electrodes 1614 in con-
tact with the oxide semiconductor film 1606; a gate insulating
layer 1608 provided over the oxide semiconductor film 1606
and the pair of electrodes 1614; a gate electrode 1610 pro-
vided to overlap with the oxide semiconductor film 1606 with
the gate insulating layer 1608 positioned therebetween; an
interlayer insulating film 1616 provided to cover the gate
insulating layer 1608 and the gate electrode 1610; wirings
1618 connected to the pair of electrodes 1614 through open-
ings formed in the interlayer insulating film 1616; and a
protective film 1620 provided to cover the interlayer insulat-
ing film 1616 and the wirings 1618.

As the substrate 1600, a glass substrate can be used. As the
base insulating layer 1602, a silicon oxide film can be used.
As the oxide semiconductor film 1606, an In—Sn—Zn—0O
film can be used. As the pair of electrodes 1614, a tungsten
film can be used. As the gate insulating layer 1608, a silicon
oxide film can be used. The gate electrode 1610 can have a
stacked structure of a tantalum nitride film and a tungsten
film. The interlayer insulating film 1616 can have a stacked
structure of a silicon oxynitride film and a polyimide film.
The wirings 1618 can each have a stacked structure in which
a titanium film, an aluminum film, and a titanium film are
formed in this order. As the protective film 1620, a polyimide
film can be used.

Note that in the transistor having the structure illustrated in
FIG. 46A, the width of a portion where the gate electrode
1610 overlaps with one of the pair of electrodes 1614 is
referred to as Lov. Similarly, the width of a portion of the pair
of electrodes 1614, which does not overlap with the oxide
semiconductor film 1606, is referred to as dW.

Embodiment 11

In this embodiment, the case where the semiconductor
device described in any of the above embodiments is applied
to an electronic device will be described with reference to
FIGS. 29A to 29F. In this embodiment, examples of the
electronic device to which the above semiconductor device is
applied include a computer, a mobile phone (also referred to
as a cellular phone or a mobile phone device), a portable
information terminal (including a portable game machine, an
audio reproducing device, and the like), a camera such as a
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digital camera or a digital video camera, electronic paper, and
a television device (also referred to as a television or a tele-
vision receiver).

FIG. 29 A illustrates a laptop computer including a housing
701, a housing 702, a display portion 703, a keyboard 704,
and the like. The semiconductor device described in any of
the above embodiments is provided in at least one of the
housing 701 and the housing 702. Therefore, a laptop com-
puter in which writing and reading of data are performed at
high speed, data is held for a long time, and power consump-
tion is sufficiently reduced can be realized.

FIG. 29B illustrates a portable information terminal
(PDA). A main body 711 is provided with a display portion
713, an external interface 715, operation buttons 714, and the
like. Further, a stylus 712 or the like for operation of the
portable information terminal is provided. In the main body
711, the semiconductor device described in any of the above
embodiments is provided. Therefore, a portable information
terminal in which writing and reading of data are performed
at high speed, data is held for a long time, and power con-
sumption is sufficiently reduced can be realized.

FIG. 29C illustrates an electronic book reader 720 incor-
porating electronic paper, which includes two housings, a
housing 721 and a housing 723. The housing 721 and the
housing 723 are provided with a display portion 725 and a
display portion 727, respectively. The housings 721 and 723
are connected by a hinge 737 and can be opened or closed
using the hinge 737 as an axis. The housing 721 is provided
with a power switch 731, an operation key 733, a speaker 735,
and the like. At least one of the housing 721 and the housing
723 is provided with the semiconductor device described in
any of the above embodiments. Therefore, an electronic book
reader in which writing and reading of data are performed at
high speed, data is held for a long time, and power consump-
tion is sufficiently reduced can be realized.

FIG. 29D illustrates a mobile phone including two hous-
ings, a housing 740 and a housing 741. Further, the housing
740 and the housing 741 in a state where they are developed
asillustrated in FIG. 29D can be slid so that one is lapped over
the other; therefore, the size of the mobile phone can be
reduced, which makes the mobile phone suitable for being
carried. The housing 741 includes a display panel 742, a
speaker 743, a microphone 744, an operation key 745, a
pointing device 746, a camera lens 747, an external connec-
tion terminal 748, and the like. The housing 740 includes a
solar cell 749 for charging the mobile phone, an external
memory slot 750, and the like. In addition, an antenna is
incorporated in the housing 741. At least one of the housing
740 and the housing 741 is provided with the semiconductor
device described in any of the above embodiments. There-
fore, a mobile phone in which writing and reading of data are
performed at high speed, data is held for a long time, and
power consumption is sufficiently reduced can be realized.

FIG. 29E illustrates a digital camera including a main body
761, a display portion 767, an eyepiece 763, an operation
switch 764, a display portion 765, a battery 766, and the like.
In the main body 761, the semiconductor device described in
any of the above embodiments is provided. Therefore, a digi-
tal camera in which writing and reading of data are performed
at high speed, data is held for a long time, and power con-
sumption is sufficiently reduced can be realized.

FIG. 29F illustrates a television set including a housing
771, a display portion 773, a stand 775, and the like. The
television set 770 can be operated with a switch of the housing
771 or a remote controller 780. The semiconductor device
described in any of the above embodiments is mounted on the
housing 771 and the remote controller 780. Therefore, a tele-
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vision set in which writing and reading of data are performed
at high speed, data is held for a long time, and power con-
sumption is sufficiently reduced can be realized.

Asdescribed above, the electronic devices described in this
embodiment each include the semiconductor device accord-
ing to any of the above embodiments. Therefore, electronic
devices with low power consumption can be realized.

This application is based on Japanese Patent Application
serial no. 2010-178146 filed with the Japan Patent Office on
Aug. 6,2010and Japanese Patent Application serial no. 2011-
108643 filed with the Japan Patent Office on May 13, 2011,
the entire contents of which are hereby incorporated by ref-
erence.

What is claimed is:

1. A semiconductor device comprising:

a memory cell comprising a first transistor including an
oxide semiconductor and a second transistor including a
material other than the oxide semiconductor;

a driver circuit configured to drive the memory cell,
wherein the driver circuit comprises a data buffer, a
writing circuit, a reading circuit and a verifying circuit;
and

apotential generating circuit configured to generate poten-
tials supplied to the driver circuit through a plurality of
first signal lines,

wherein the writing circuit is electrically connected to the
memory cell through a second signal line,

wherein the reading circuit is electrically connected to the
memory cell through a third signal line, and

wherein the verifying circuit is electrically connected to
the reading circuit, the data buffer and the writing cir-
cuit.

2. The semiconductor device according to claim 1, wherein

the first transistor is provided over the second transistor.

3. The semiconductor device according to claim 1, wherein
one of a source and a drain of the first transistor is electrically
connected to a gate of the second transistor.

4. The semiconductor device according to claim 1,

wherein the writing circuit is electrically connected to one
of a source and a drain of the first transistor, and

wherein the reading circuit is electrically connected to one
of a source and a drain of the second transistor.

5. The semiconductor device according to claim 1, wherein
the second transistor comprises a channel formation region
provided in a substrate including a semiconductor material.
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6. The semiconductor device according to claim 5, wherein
the substrate is a single crystal semiconductor substrate or an
SOI substrate.

7. The semiconductor device according to claim 1, wherein
the oxide semiconductor comprises an oxide semiconductor
material including In, Ga, and Zn.

8. A semiconductor device comprising:

a memory cell comprising a first transistor including an
oxide semiconductor and a second transistor including a
material other than the oxide semiconductor;

a driver circuit configured to drive the memory cell,
wherein the driver circuit comprises a data buffer, a
writing circuit, a reading circuit and a verifying circuit;

apotential generating circuit configured to generate poten-
tials supplied to the driver circuit through a plurality of
first signal lines; and

an input/output line,

wherein the writing circuit is electrically connected to the
memory cell through a second signal line,

wherein the reading circuit is electrically connected to the
memory cell through a third signal line,

wherein the verifying circuit is electrically connected to
the reading circuit, the data buffer and the writing cir-
cuit, and

wherein the data buffer and the reading circuit are electri-
cally connected to the input/output line.

9. The semiconductor device according to claim 8, wherein

the first transistor is provided over the second transistor.

10. The semiconductor device according to claim 8,
wherein one of a source and a drain of the first transistor is
electrically connected to a gate of the second transistor.

11. The semiconductor device according to claim 8,

wherein the writing circuit is electrically connected to one
of a source and a drain of the first transistor, and

wherein the reading circuit is electrically connected to one
of a source and a drain of the second transistor.

12. The semiconductor device according to claim 8,
wherein the second transistor comprises a channel formation
region provided in a substrate including a semiconductor
material.

13. The semiconductor device according to claim 12,
wherein the substrate is a single crystal semiconductor sub-
strate or an SOI substrate.

14. The semiconductor device according to claim 8,
wherein the oxide semiconductor comprises an oxide semi-
conductor material including In, Ga, and Zn.
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